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PREFA CE 

\ 

AvisiTtoa scrap yard cannot fail to impress engineers with the rate at which 
progress is being made in engineering. 

On a heap you will see a few broken wheels, some levers, and cranks all eaten 
with rust. Not many years ago, these formed a magnificent motor car, a marine 
engine, or an aeroplane. Now their day is done. 

The same thing is happening with books. For a few pence we may purchase 
old editions of books which, in their day, were the pride of their possessors. 

In view of these remarks one may say that little more than ten years is the 
average effective life of some machinery and technical books. 

On this account, and the fact that the University of London has recently made 
a fundamental change in the conditions governing the award of degrees in 
Engineering, the author feels that no apology is necessary for adding yet another 
book on the subject of “Heat Engines 

In the treatment of this subject the author has endeavoured to reduce things 
to their first elements, so that the enquiring student may know why certain things 
happen, why gases follow definite laws, etc. 

For this reason the molecular theory has been introduced in the first chapter, 
and this theory (although it has its limitations) should become part of the mental 
machinery of students who wish to meet with success. 

There is very little to he remembered in the fundamental laws which control 
heat engines, but it is in their application where troubles arise. For this reason 
a large number of worked examples are included. 

’ ‘ Of course an elementary treatment of an involved subject cannot be expected 
to yield “Chemical 'Precision”, but it at least furnishes a guide for conducting 
actualtests. ' ■ 


In writing this hook the author has kept in mind the tremendous amount of 
grquhd which the student of to-day. Is expected to covet. On tl^s aopount the 
work has been oofiated to forin* it hopsd, a continuous Idmcal narrative. ' , 
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The same care should foe exercised in laboratory work. First should come a 
sketch of the apparatus showing the points at which the measurements are to ])e ' 

taken, then arrange the tabulation so that computations may be made during 
the trial. 

The controlling measurements should be plotted directly from the observations, ■ 
and the derived quantities obtained from the curves which have, at least, partly 
eliminated experimental errors. Wherever possible, independent measures should 
he made of the same quantity. 

Finally, books cannot be interrogated, therefore cannot teach. At then best 
they merely provide preliminary steps for reaching the far fuller and aiithorita- ' 


tive proceedings of learned societies. » 

Hand in hand with reading should go practical experience, which is so essential 
for a correct understanding of the relative importance of things; whilst visits to 
scientific institutions, such as the Science Museum, South Kensington, enable 
one to consult the wisdom of the past ages, to perceive with astonishment the short 
time that separates us from the era of scientific barbarism, and to no longer wonder 
at the barbarism of the social order that oppresses us ; to see the gradual evolution^ 
of the different types of engines, and the fundamental imity which underlies the . 







whole subject of Heat Engines. 

It would be impossible to refer in detail to the many authorities who have 
been consulted in the compilation of this work, but, so far as possible, when a 
definite quotation has been used, acknowledgement is made. 

I am particularly grateful for the help I have, received from; The Crossley 
Gas Engine Co.; A. Begg, Esq., Wh.,So., B.8o., of L. Gardner and Sons; 
Br H. Guy, F.B.S., of Metropolitan Vickers; C. A. Parsons and Co. Etd,, The , 
Parsons Marine Steam Turbine Co. for the use of blocks from their TechnM 
teiee; Eleotrohis:, Ltd.; S,IJ. Carburettors; C. A. V. Bosoh, Ltd.; Babcock and 
;.Cla©liaBt letters, Ltdv; V 

'^/^j^^^nission'lo reprint examination j^pers acknowledgement Is made of the / 

o£'H<M^ Stationery Olto, the'^hate of the, London 

Engtpe^. /' >< ' 

• .ote' 1 ^' , jrinqeie tha nks ' 



PREFACE TO THE SECOND EDITION 


Ik making a revision of this book the author was faced with the problem of 
having much more new material available than could be accommodated within 
the prescribed limits. It has, therefore, been thought advisable not to effect 
more changes in the book than would bring it reasonably up to date. 

Since its first publication the most important changes which have taken 
place ill the practice of Heat Engines are those concerning the Gas Turbine and 
its working fluid. Two chapters have, therefore, been added to deal with the 
latest published developments in this field. 

As the reciprocating steam engine is still an important prime mover for rail 
traction and marine propulsion the chapter dealing with it has been re-written. 
A new section dealing with the proportioning of a triple expansion marine 
engine, re-heating, regenerative feed heating and exhaust turbines has, therefore, 
been added. 

In the Appendix will be found a collection of worked examples, not included 
in the first edition, which should he of particular interest to students tending 
for a degree. 

The author records his gratitude to reviewers and readers for drawing Ms 
attention to certain errors which unfortunately were present in the first edition, 
but which have now been corrected. 

. He also expresses his appreciation of the assistance so willingly given bykis 
colleague Mr D. Tagg, and acknowledges the ready co-operation of the staff of 
the Cambridge University Press, who, in difficult circumstances, have produced 
a volume on which the author is proud to see his name. 

strirnEELANn 

Octaderl946^ ‘ . , ■ 0. AW, 







Chapter i 


INTRODUCTORY 


Throughout the ages man has been staving far mare and more power^ that he 
might be invested with authority. Unfortimately many men are possessed of the 
same desires, so weapons were devised for establishing the local superiority of 
one or the other man. 

Not content with local superiority, man later pressed the horse into service 
for transporting and operating his lfii,rger war machines, and it appears that ever 
since then man’s inventiveness and, skill have been concentrated on perfecting 
and developing these machines. 

The carpenters employed in the production of old armaments soon exhausted 
the capabilities of the horse, and then these men turned to harnessing the wind 
and flowing water for the development of physical power. 

Through lack of men skilled in the manipulation of metals — ^rather than lack 
of inventiveness — ^these wind and water mills cpntiniied for centuries; and it was 
only by the discovery of Gunpowder that the necessity for metal workers became 
acute. 

As the demand became satisfied, man turned his attention t€> the possibility 
of using the tremendous forces developed by explosions for doing useful work. 
However, the great dMculty of converting the Kinetic Energy of a projectile 
into useful mechanical work has prevented the development of this engine; and 
it was not untfl a.d. 1780, when Watt employed the condensable properties of 
steam for driting a piston, that any progress in tjxe development of power fi:om. 
fuels was made., 

Unfortunately* the fuels on which civilisation depends sbmuch are gradually 
being consumed, and must eventuafly become exhausted, and thed mp will try 
to, Utilise, and may wage wars to securU^ stores of energy which may now 4eem in- 
out of feaeh. ' liej m^then tto a survey of the of power. 

, .Ihere We of b6#er-' but all have their', common’ origin iu tho 











2 Introductory 

completely' sheathed in glass, as a protection against conveoiivo heal Iushc'). and 
was placed at the focus of the parabola formed from rectangular strips of minor 
which wbre carried on a steel frame. 

In the system devised by Capt. Ericsson, about 100 years ago, the mirror 
resembled that of a motor-ear head lamp, so that the rays con^'orged on to a point, 
and not a line, as in the case of the steam boiler. The displacer cyliiider of the hut 
air engine was placed at the focus of a paraboloid, and, under hivoiirablc con- 
ditions, a small amount of power was developed. 

At the present time, 1940, Selenium cells have been em]>h>yed to develop 
electrical energy directly from incident light, but, as with steam and hot air, 
the amount of pow'er developed is very small coinjiared wii-h the potential 


Wmo , Animal VmrtMu TERassraiAv 

Heav 


SfeiA Water 


in •the;.r»y;i The power > also periodic, and ^ 
ieyii^^^to enable the mirrors, tU© oours^ 
■•pi, ihi&, :mkhoda' mudb 
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For the continuous development of power from water it would appear that 
all we require is 

{a) Suitable rainfall. 

(6) Suitable difference of elevation. 

(c) Suitable storage at the elevation, to tide over droughts. 

(d) A water turbine, and some means of transmitting the power developed. 

Wind: Unequal heating of the atmosphere by the sun produces ah? currents, 

which when deflected through an angle produce a force that may be used for 
propulsion or the working of windmills. 

In Arctic Regions one can count on an air stream fifty miles wide,* and 
several hundred feet deep, moving almost continuously at about 50 m.p.h. 

Similar conditions obtain in South Crimea, where a Windmill Power Station, 
developing 10,000 kVA, is contemplated. 

Animal: Animal life is dependent on the sun for its existence, and centuries ago 
it was the only source of power. Although it is used to a much less extent now, the 
horse is still regarded as the unit for the measurement of mechanical power., Thus 
we have one h.p. which represents S3, 000 ft.-lb. of work per min. 

Incidentally, the mechanical power developed by animals in comparison with 
the heating value of the food eaten is so great that one may be certain that the 
mechanism of conversion does. not depend on a heat engine cycle. It must more 
closely resemble the chemical action in an electric battery. 

Vegetable: Vegetation matured by the sun may be used directly as a fuel; it 
may be used to produce alcohol, and then this spirit used in an engine; or by a 
combination of pressure, temperature, and time, it may be converted into 
lignite or coal 

Terrestrial heatif Natural steam escapes in many parts of the world. At 
Tuscany in Italy about 52,000 lb. of steam are available per hour at a pressure 
varying, fi?om 00 to 2501b. per sq. in. 

At the present time coal provides about two-thirds of the total power developed 
in the world. , , . . 

IVom the previous r^sum4 bn the Sources of Power it will be seed that in most 
cotint^ei ffi^Torm the oMpf source of pOwet Now to convert a fuel into mech- 
firstj cnowsion into heat, which is'a chehiioal action, theh 

a^ to produce pressure 
required to deliver this 
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On the nature of materials available to engineers. 


After centuries of work in reducing matenal into its simpleM inline, both in 
substance and amount, chemists have found that thcie aie hut niiiet\-ti\o kinds 
of fundamental mateiials fiom which, by a synthetic pio< ess, all other suhst aiu es, 
however complicated, are pioduced. 

By vaiiouB methods substances have been split up and s| dil up uut il at last they 
have resisted all efforts to subdivide them into anything siin])[{‘i : i e the) ha\e 
been reduced to elemental form, and aie theretoie known <is Elements. 

Now although an element represents the simplest loini in wlueh a substance 
may e^ist, yet elements themselves are built up ot very small pai fcieles kno-vi n as 
Atoms — ^the word atom meaning indivisible. 

Modern science teaches us that atoms themselves aie eomiiohcd ot a eeniitd 
nucleus positively charged with electricity and in wdiich must of the mass of tlio 
atom is concentrated. Around the nucleus are negatively ehargcnl iJartules 
known as Electrons? The distance between the electrons and the iiuclous is so 


great compared with the dimensions of the nucleus that an atom is mainly 
empty space, and if all the atoms in the world were compieHsed solid, wo would 
have an immensely heavy object about the sisse of an orange. 

In dealing with the separation of materials, e.g. oil from water, dust from 
flue gas, etc,, progressive engineers must know something about the structure 
of an atom, but generally engineers are more concerned with the smallest part 
of an element that can be isolated, since this represents the fundamental biiek 
that goes to build their machines or produce the driving force in tho Woild. 

How the smallest number of atoms that can exist alone, and in this way con- 
stitute one of Nature’s building bricks, is known as a Molecule, and the number 
of fttonu that go to form a moleonl® depend entirely on the element.t 
Some atoms, e,g. Argon and Helium, like some individuals, can lead a solitary 
exifltehoe; so that the molecules are said to be Monatomic, Generally, however, 
t^oox more atoms are linked together to form a molecule, giving rise to Diatomic, 
Tifatdmic, or Polyatomic substances. 




/ no deffnite conception of what molecules are like, but flar our purpose 

to iitutghm that the atoms, constituting the moteouiee, are peffeo% 
rigi^y^ Axdiatoihio molecule may limeim be 

wofutd have eadk atoth m the 
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The molecular world. 

Some conception of the molecular world may be gained from the following 
figures, which refer to air at 0° C. and 30 in barometer. 

Velocity = 459 metres per sec. = 1028 M p.h;, 

Theie are about 27 x 1 0^** molecules in 1 cu. cm. 

Diameter of molecule ~ 5 x 10~® cm. 

Mean distance apart = 3 x 10"® cm 

111 one cubic centimetreof air there are about 5000 milHon colhsions every second 

No diiect proof is yet available of the hypothesis that elements consist of 
molecules in motion, and that these molecules obey dynamical laws, i e Newton’s 
Laws ol Motion However, we have experimental justifications for this hypothesis, 
on which is based the Kinetic theory of gases origmated by Clerk Maxwell, 
and the Quantum Theory, of Max Planck, now explains several departures of 
observed facts from the older mechanical conception of molecular motion. 

The mass of a molecule. 

To engineers the mass of a molecule is a quantity of some importance, although 
it will be appreciated, from the values given above, that the mass of an equi- 
valent molecule of, even air, is an extremely small quantity. 

Infaet, if one could imagine detaching amolecule, with the object of weighing it 
on a chemical balance, “f the normal supply of weights would be of no value what- 
ever, and even if the weights were reduced to molecular dimensions they would 
only be of value for the direct weighing of molecules heavier than themselves. 

In view of this difficulty scientists, many years ago, conceived the idea of using 
the lightest molecule, then known, as the unit by which the masses of others 
were compared, 

This particular molecule was that of hydrogen, which contains two atoms, each 
of which were regarded as possessing unit mass. To balance 1 molecule of oxygen 
requires 16 molecules of hydrogen each of which weighs 2 units; hence the mole- 
cular weight of oxygen is 32 and its atomic weight is 16. 

The atomic and molecular weights of molecules, with which we wiH be dealing, 
are given below. 


Tubulated values of atoiniq and molecalar weights. 




OHAPTBR n 



THE KINETIC THEORY OF GASES 

The kinetic theor}?’ is concerned only with the ph3^sical properties of gases when 
chemical change is not taking place. The theory, by considering ail matter as 
composed of a great number of molecules in motion, explains the cause of pins- 
sure, temperature, density, diffusion, dissociation, conduction and viscosity, and 
provides one with a fountain of knowledge if a few simple facts are remembered . 

Pressure, p* 

Pressure is defined as force per unit area, and the pressure exerted on a suiface 
by a gas is due entirely to the bombardmait of this surface by the moleeuIeH of 
which the gas is composed. If the gas were so attenuated that molecular impacts 
were distinguishable the idea of pressure would vanish. 

To evaluate the relation between pressure and the velocity of the molecules 
we (jpnsider an average molecule of mass m and ascribe to it a mean speed-^nofe 
the arithmetic mean*— but a speed which, when possessed by an equivalent set 
of molecules each of mass wi, will create the same pressure on tho walls of 
the con^iner ,as the actual pressure. Hence an equalised distribution replaces 
the actual, , ■ . 

, , ; Eafcept during encounters the molecules will move in straight lines, so that 
' vdodlty F may he split up into com- 
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The Kinetic Theory of Gases 


By (3) in (4), 


K.l. = F^ 

2 3 2 3 ’ 


i.e. we can consider — ~ as dne to one-third of the molecules moving with 


velocity F parallel to OX. In this way oblique impacts are replaced by normal 
impacts, whence 

' Impulse of molecule = m[F — ( - F)] = 2 wF. 


By Newton’s Law, force is impulse divided by the time to effect the change 
in velocity. We do not know the time to change the velocity, so we cannot deter- 
mine the value of a single impulse — ^nor is this required — we want the average 
pressure and we can obtain this by estimating the number of impacts per second 
in a rectangular parallelepiped of sides x, y, z. 

Volume of parallelepiped = xyz, and if, in unit volume, there are n molecules, 
then the molecules in volume ixyz are nxyz; from the previous reasoning one- 
third of the molecules may be considered moving parallel to the ic axis with 
velocity F, whence the time that must elapse between successive impacts *= 2 a;/F 
since the molecule has to travel twice the length of the parallelepiped before it 
can again strike face yz. 

Hence - 


Impacts per second 



Rate of change of momentum » 3 ZwF,, 


Force 


= Rate of change of momentum 
,= Pressure X Area. 


!■ 


n (V\ 


, , , , , ' - 

But «» 48 % mw of ,unit volwau, i»e. the density, p,' Whence (to absolute 
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Thr Kimfif' fhvttt'n . 


(jrhead-'- of heal nnd (lotenniiU'N tliechrc'eHun in whidi lu 'O d s\^ d 

a hot hofly to a eold hu(h . ju-'t ri> \witer ifoW' fiatur^jlU dott?* 

Temiiuratnre U n\o<t usually nic.i.’^ured fiy n f h>*f'T'<utju‘ v. f "I* - 

cjiUhrated by piaeui'? it ui uu'liod iee and m u’kiu': th*,* o' th>' io-'r 'ur/ tn* 
thcrniutuetnr is then pbond ui \uiIit hodin^^ at tb? ti-a/n rl h,r-.aai tfu' 

30 in, and a M^wnd juark made. 

Ifthe distance beU\eeu the iimvk?. tsdi*. idt*'! into loo ^tai t/, vo- >/u D* t 1 ^ VnO 
jjjrade scale; and irintu i sm parts, it- is I4ie Fafirenlmi^ -*^*,410 fos { nif a on* u,»r<nt 
ofeonsiderably hi;j;her temperatures iho incivury i-, put and* r tie* pr*'* >d 
inert ^'as-^oficn nilroj^en — and even then the thermosnetvf t- not paitesiLiuiv 
ai'cnraie. 


A more precise method of temperat-itre ijjfasnrejmmt . f houa'h h- * * ; ofrrenjeof , 
is affordtifl hy ihn nse of a fias theimomister In whieh the ot a pf*r?Hanfap 

^’hicli IB maintained at ranstam, |m*ssn!v. t>ht.'t'mv|, Tld^ ^>cale 
vary dosdy with tha Thermodyiwimlc scale of temperatyre. whad? u m 
dependent of the expanclingi suhsianre. On this iem|H>r»ao'?»" fa*> \tf 
r(3gai'(ie(lastheniea!ikmetieeiiergy ofa pail k'ko# p;. p u 


Scales of lemperatyre. 

The fi:eo5siiig iKHOt of ^valer on the Oeritigmde -lieale i,*i defne -l hy o and ♦m Oj** 
Fahmilidfc by 3’2^. This false xei’o in addition to rh«; 1 w» du !don,H Iw’f wwo 
iVeexing ninl boiling pointiS. intolttcos Roiiftidembh* oiMlrnetiou^t o* <‘a|t nlatiim** 
so thatfldentifio men of nil raijos xm, and think, in terms of the i V nt ii^nid*^ s* ale, 

, ' A farther advantage is, that on this seab, the indvefsal giiw eonstant k 
' iwire Joule's oqnivakmt. 

fn England praetieal engimiers aire hrmight tip rm the Fahrenheit srale, and 
, can think only In tern^s of it.- Now since tiiese imm haw but few 
‘ tpihak© there is no partWar objeeyo«,lo the fnM*mng fmint bomg ai lit , For 
.sebntlSe investigations, however, It ofh^rs ehauem ed error whkh ^0 earmot 
. ’ ^prdtoilskiSoMtatiathiabtHjkth^EahranlioitscitkHsnwj butmifewot.Tii<nrifis. 


; ilt|ati0iin between tem|terntyre» prmmr^ m4 volyiis©., 

' 1 , . ’ , , j t' . , 
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tiouri \\e t-‘Hu imagine that a gas does conform exactly to the above law, and for 
this reason the gas is named a Perfect or Permanent gas.**’ 

Equating (r») on p, 7 to (1) on p. 6, 

P - Ipy^ = kp{ |mw VK (2) 

F VsIoTS). (3) 


15y (2) it will be seen that the kinetic energy |m of a molecule depends only 
on ihu teiiipcruiare of a gas, and that tliis kinetic energy is zero when (1 — 0, 



Experimentally the value of a can be determined by keeping the pressure 
cmifstant and plotting the specific volume Vg = 1/p against thus: 



Frmn Fig. »3, » (1 -f ai), 


^ P W . 

When I « 0 the volume intercept is hjp andthe slope of the graph is {(hff) a}. 


^ ^'"'intercept'* , ^ 

, By shifting the omgih from 0 to O^, and toeasunng the hew temperatup*'^ 
, , lleomthi^newori^, ' 

V ".f v .^,r,cv h ' 
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By (.1 j in (*0, ^ \»U‘/ / . 

.^o tluB. w iu‘U ^ I '» 

lieonn {jKilt'n'ulur niutifu? Im' «n'i>‘'( n-t Oil* '.* ‘.r ‘t’-’n " '■ ‘u» ^ I'l.i j,' 

this ivit^on vUinji T n ur h.’u- the aksnlnte /.ero tif tvfi^p* iaiur«^ > T , 
kmmn as the absolute temperature onhe ^as. 'B*'. w - ? -■ < '-n , 
i-hi'" m’o arc iuitiml Decrees Kehiu. h\ on e t ir I -n ;t, ^ ,• 

lirtnkiua, iB ofi tbn B.OunnlH'Jl a,<lt'. 

TutiudtheteinpiMMturnujitla’t ‘<■4 V ■- 

j { I . « 

0 i-i, vxuenuH'Ui --. :J7,‘M, wla-jifi- i» - < , 

a ' if 


Henee t« rourerr erfifunry rViititumle irtufitnat m*;'' 
or do'^rees; Kelvtn aiUl 273 \ WiiU luUireuheit luof^ .v^lsl * ] I'/j ^,s 
thf! Wtiflmg in cM'es-t of 32 or Mitr’ Im the ip thnroMafietrs 
By (“0 ill (2), p. tK 

p 3 IpY'^ *’ kjf*ftT fin ifBaNhiB’ o?u?s| 

' I ■’ iti 

or pi\ " i(T (hi euiitirieerV ttherojf n,. * - 1 - 

' * ’ 

£{|Wfit'ioH (0) is kmmi its the fjlimrarierisfk ec|uath»it of permaueut 
gases, wild ll the Chanicteristic giis cyni»tfmt 
Althou^di Mm eoiinfaiiB over n iimilud t^Tnperatute imiOrubo 

^aw, its value dopeiitli^ iijjott the in ipaMttoUy atul it’ f4nmltai*notr^ of 
t«nin|iemtiife, pressure aud voliiinr am kuouji the vaha^ *4' it nmy he dtoned 
fjconi the efmtion 

// ™ . Y* ^ 

’ 'Ni 

■' Til eti^ncjeriiig prfiblems we iwly'deal wlfchjuiir lli. of mibstanro, a rule il 
%n which eaae the Sfwifie vokme i*g \n (tl) m replaml hy t\ aittl M h,v 
, licence the moHfc genfiU’al ©tjaatioii for ail w^eiglto, vokm^, pr*'»i^,*fiirri# %n4 tm*', 

.‘, P ' 


•*^*rssfr\ '* 
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Normal temperature and pressure (]sr.T.p.) . v" ; , 

1 1lf o^juation pi\ - HT is represented by a surface (Fig. 4) which contaiksfan 
inUiine auiniter of jioiuts ea(‘h of which represents a particular state of the gas. 

Xovv In com])are volunios of gases, or what is usually more important, their 
snas«c‘s or weights, it is iiceessary to specify a particular temperature and pressure 
at liicb t!ie volume vas measured. 


1 he t.eiipierat tire selected is 0"'' C. and the pressure 30 in. barometer or 14' 7^ Ih. 
per Htp ifi. O’lu'se values are referred to as normal temperature and pressure, 
and j cprosciit t he htiiie at which the density of a gas is usually expressed. 



Fig. 4, The surface representing the law pVt « ET* 


To 4k‘termino the weight of a volume of gas at a temperature T and pressure p, 
whew U m unknown, fii’st use equation (8) tq reduce it to its isf.T.p. value 


, * * 


.So,*’ ® - 


, ' ‘But - , 




, : >■ and kiid ^ ' \ 
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Ex. Or)e]>uiin''l oi dry jiir fif N/f.r. 

in di' dt fKT < . n'ld Hi -k . p-'^f V‘ 
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T 
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Ex. Whr-itj tdikiiinns Hin i-HlonlM” v^dJiurdd-rjul '4,isi flu* n 

oi JU'U.fi.ai l.T'F.undida pn^siirf'ftfUl Wh.d k th<M ainjptjffU tmi 

to x.T.i*, f'cmditioos if. dninij^ th«' k'Kfc, llio b.'ironii>lnn so. ‘ 

detti«ity of mm an-t EVii, 

Phi^'n fh^h 

f, "■ ' 
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Ex. Find t!itMvn%htfd H'Khn. ft.itS’nirai Ifitk jirr .Rp to. and ild i'\ if R .iKM’ Ikdli. 


I«?i* F. 


I4V* |o*i 

.% ?r iw i,. ^ 7*i5iH, 


, .flie 4«a«itiy df>'mibi!5tari<%, iii,<,nigtttwrH’ hp jmj iU \m 

, ' amt vbti^e;' tlim we nay a gajst weigb« isa many pmind^ |inr mhk . 

If dw mokonW tfecjory j» ctdi^ine|, p lanst tlepyinl on the immlafr of mokHiii® 
via.^aiilt Tdtoe of/the |M iwi4, a|»ofi the weight of/itiidivlduai mofeenli^. 

. hate the reiaUve weighty ' of and. hnirn sihowis ^ 

twp ^*,’4 eont^inhig' % moi^^yiet pr 

M pr eahle fcmi 

iie the 

■ <^'“7 V,/, - v' - r. \;.r/ v‘ ! 
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1 e. equal volumes of different gases at the same temperature and 
pressure contain the same number of molecules. This important con- 
cltision is kutAui as Avogadro’s Law. 

i>y means of tliib law, knowing the molecular weight of an elemental gas, the 
density of all others can he computed, thus. 

ft'j be 1 he weight of a inoieciile in gas A and be the corresponding value 
for fi, then the density of ^ is 

Pa = 

and {^i !>, - nwj^.' 


*• pji Wjs' 


( 1 ) 


i.e. the* ratio of the densities of gases is the same as the ratio o:i^the molecular 
wedghts. 

J ! ii leii the density of one gas is known, the density of all others may be computed 
from the, knowledge of the molecular weights and equation (1). 


l^abulated molecular weights, M, 


In tables of physical constants will be found the atomic and molecular weights 
of all demenk, those of greatest interest to the engineer being given in the table 


on p, o. 


hVenn the reasoning on p. o it will be appreciated that these tabulated values 
are not the true weights of a molecule in pounds or grams, since the extremely 
small tiimensions of a molecule would mean that to express its weight in pounds 
would introduce an inconveniently small number. Early scientists therefore 
sought for the lightest atom (which they found to be hydrogen) and used this as 
the unit by which the weights of all other atoms were computed. 

The introduction of this relative measure frequently causes practical engineers, 
w^ho are used to dealing with pounds and shovelfuls, considerable trouble. To 
make the molecular weight a real quantity, therefore, I propose to multiply the 
tabulated values by some constant w, so that the product w x Tabulated mole- 
' ' cttlar weight, represents the real we%ht of a molecule in lb., thus; 

is the weight of a molecule of hydrogen in lb. j , 

, 32m IS the weight of a hioleeule t5f oxygen in lb. 


m of pourso is eiEtremely ismall, but its numerical value we never , require, 
although uk a matter of interest it is ^ drived b’om the 
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Th‘1 k!i>* h'f' 1 hm,ij >if ^ 

i>i ii - - - ' 


HrfHvlIiprien-'iu /*fti 4!j> niKn 

u \ Hi / T;jhuli?< - I )if<!es u!.m lu r'/h? 


[ fi'i, 'U' ’’ I ?u «? I' 

If t 


Fiotu iliin \\v rof'j jutF that thv in ilK ul A?iH tai, fr. of urn 

N'/r.P. is ccjuiil to thi^ tafiwlattHi m«k‘ciilnr wviji^ht W m in :5 < u \f ui 

hvdrnt^f^n, uii«l«r wdifh^, 2 v.h?l4 'k, v<\)v f n'Isuhr uf 

oxyjjen si<*jjjrhs 32 Ih., aufl .*;{} oh, 

Hn<’h a vhhiliHM»f ^''115 Is lirnmnina AloL find a inorj^ n* uml ihin 

li ('tihw footf; kthat stidi a f|yj4nilr> iUh huf ns’iidfiM,! 

the foot, othtanviHti wa mlt'hf bjivo had a hetN'r sv\.ff*>n ol iiui? '4 
From fn|iuU iun (7), p. 10, 

/o' . u>itT, 

Kinv tme Had (id’jia?* a? rv’.r.ih ,1as mt, 


^ p"' } 4'T X i4»f lisS 

** r ‘ ’ 273 ' 


'f'U . 27Mi 


This ecnistant 27Hid k hnown as f la* Utiivermni gas ciniHfnnf i? ,i |i|slieN 

tij all |2fasi‘», and uikiuriH nt that mt tar twiih'usl jVMjn tho vajiMut 
Intlwetfiuathnue/^ ^ 27S«h#(fkamimhwrfH|!mf 4«»ih«*iiHdvvnkr ; hrm.v 


' n {• 

'/fioraiivrj^aso^ i , , . , - . . , fh 

• lahulatiid mtdnenhir uf " ' 

; ■ From' (1) weia^o that, althougli tl«s UiiiviWit gas constant k iuvariHhhh veV 
the ^hamtite^rktio gas ^lonstant rmm tuvcrnrlj with tiio imukenkr h i%kt ot ! Iti> 
' gaSj and is, in thin rosta^ot at a disadvaiitegtn 

U the eci«ivalent molooular weight of mr k %lmt is iwnp^niik vdump 
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The Kinetic Theory of Gases 

Density — p - — ni x ti x i^Iolecular weight. 

. _ w xnx28 

0^,1 mxnx 32 
2S 

~ ^ =11*2 ou. ft. per lb. 

OJi 


Ex. Gus mixture. (I.C.E.) 

{'ufinilnie the weight of 0*0b6 eu. ft. of a combustible gas at 0°C. and 14‘7 lb. per 
sfp in. {<b.M)lutc if it-? molocukr weight is 14*2. 

h this weight of gas is contained in 0*038 lb. of a gas air mixture, estimate the pro- 
portion by volume of ga.s to air. Take the molecular weight of air as 28*9. 
biuce the gas is at k.t.p. its mass is 

0*066 = 0*00262 lb. 

To convert from anal^^sis by weight to analysis by volume divide the mass of each 
constituent by its molecular weight (see p, 512}; * 


(Jonatitucnt 

Mass 

1 

Molecular weight 

Parts by 
volume 

Air 

0*03538 

1 

28*9 

1*2230 

Gas 

0*00262 

1 

14*2 

0*1843 

Tobii 

0*03800 

' 



Proportions by volume are 1*2230 to 0*1843; 1 to 6*63, 


Heat. 

Heat may lie defined as molecular energy, and equation (2), p. 9, shows that, 
lor a given mass, iho temperature of a body is a measure of its heat content. 

Even the savage realised, when making fires by rubbing sticks together, that 
some relation e.xistecl l^ietween heat and mechanical energy, but it was not until 
184$ thatdoule,* of Salford, determined the numerical value' of this relationship. 

With ifhe crude equipment at his disposal, Joule found that, in the absence of 
losses, an expenditure of ,772 ft. 4b. of ene%y would raise the temperature of 
d H>. of water through r and when on Ms honeymoon in Switsserland Joule 
hoped to find a waterfall so great that he could obtain a more precise value of Ms 
; Mectiauteal epivaletit of heat ( J). 



" ^ ' 778 , 








1 ^) 7'lh Knh Th* th‘jf oj h’it ^ 

Tjie i^u*t tlwl lumt and {iit'chauit a! efK'ri\ .irr finitUrUh ‘'Jir.-.htuffv 

the First Law of ThermodynamicH. 

Heatiiij^ a gus at constant volume. 

Iffu'id i'^apidinl tu aaMMOiiluiii^^d in ijt«*hav' » i. a 

entirt'ly in itiPicu-^iiu tlu-HttJn «)l »}{•»[!•’> ulfn . pud iu’* jp 
devpjoprd hr tho In-at ^.ud ir fiilernai eiiergj j J, 

Xu\\ hom till? kifKdir iiiptiry tiuMJiily tvjnv- hI pjip^n fi< 5,f. nay | 
by a molfpulc arn: 

Traimi at filial Unelh* »*n<a*ir\ , 

Uritalinnril kiiw?fU* 

ViSiiviiiofial Miprir> . 

Pyrtainnui laws iditnv UtaL for a uircit anyiiUr vofatinial ^ostryv' 

dcpt*r«k tipon tin? raomcnk (fi iiitriia of tin* moli!P 1 lil^,^ winl? t v d i-h^' i ny 

Mnomccd hy constraint id* iho viLraf.ii'ij^atom^, and tinaJly t-hc 

of till* niokettk*' inllucncos all tliii'#* forms of cnoii^y. Uv ii- ikro coo-ir|fi* the 
total int-ernal oiajrgy |wscsscd by \arjoM'^ 

Monatomic gases. 

The ditnenHions of a ftionatomio !«oleculo am m smol! tlmt tht* oof)* Mucf-^^y 
(of any linportaiui^) t hat it (‘an Htoro is tVaiishilfjry K ittalir Kmo'jKy and is ytven by 
wV^ ' . ' 

; - » where if? k tiin weight *4 a nniksndo in pounds, nod V U t,hc ’^(doedy mf 
th© iwokciil©. 

Iij one cuhie foot of at N/r.i*. ttim'*. are n tindcoulo**, and one mof cdXtri*^ at' 
dis|ikce8 SAHra, ft.,; hem*© the intemai energy in one uuA of |*erk'it at 
' i^«tp©tatnre f is ' ^ 

^ ^ ' 4l| ,,, 

'where f*b the average of 'iti© F®*' ' . , ' . 

^ eqim€ont8h,|i.,Kyit w^iho^^ f m F®/3% wheii« subtlfentin| 
,p),it-iiirp be'neen that jnteriiar energy is prdp>orttoiml 

.temferaitUB amd'.ekpto heiii In 'lenni'Of "" 
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both cases the specific heat of water is unity. That of any other substance is so 
many times that of water. 

If were the weight of a mol of gas (i.e. the tabulated molecular weight), 
equations (1) and (2) may^ be equated if J is introduced into (1): 


(Tabulated molecular weight) x 0^ T 


But on p, lu it was shown that 


Therefore, by (4) in (3), 


358?iwF^ 

Jx2cj 




]/2 


(Tabulated molecular weight) x Q, 


_F ^ 358r!^, 
3i?i7 ~ J x2g ^ 


(3) 

m 

(5) 


also 

“"“■sli. 



w « Tabulated molecular weight x m. 


Thou 

me Tabulated molecular weight xnxm 

•e 


_ Tabulated molecular weight 

358 

(6) 

By {(}) in (3), 




m , , , J t , • 1 X 1 Tabulated molecular weight 

labulated molecular weight x CL x ^ ^ . 

Qli mJ 


•(7) 

.( 8 ) 


But by (1), p. 14, 

Tabulated molecular weight xM^ 2780. 

Hence, by (8) in (7), 

• r2780"l 

^ Tabulated molecular we^ht 3 -jj- 1 . 

J I40d on the Centigrade scale> whence 

(Tabulated molecular weight x Cp)=2=3. 

The prod not ((Tabulated mdlecular weight) x (CJ,)] is denoted by and is 
knOTO m the Molar or Volametric speoidc heat, because it refers to a mol, 

' and the thing which is cqnsijant about a niol is its volume at isr.T.r. ; hence the 
, second appellaMbn, Yoliim^tficheat^ ^ - 

Thte grist advantage of vdltikiaetrld heats Js that a simple number 
|ses'‘pti^' spedifl(s heat plall gases havii|g the same nwmber of atoms; 



I ' ^ ^ 'I ^ # ' 1 .' ^ ^ ' I 
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Th^ Kui*h^' Th'Uit! tij 


Dialomic gases. 

jf \U‘ {iiiaj'HU- liirit a difitntiiir u ' nTUaiu > 1 
a diniib*1>ell (see I’ls ">)• and the ife^ne^ritf- »d 
iucitJunf Iliismnhn'uieiihMUi the /‘^and ..av , 
are p‘ea,t as tt> aihtw d*\ the ts|fuear^nif)n 
ofeiiei^'y)^ the‘rntar> «’Jiert!> tiM^^vruiedeini. < ^ 

In anuMUit to lite iranslatnrv tatrrtfy fine {fj rfsr ' ‘f 
eoin|funent vehMSty alofK^ lite ash' *4 .. '' 

the tuohaiib vill liase, in all. tise detnee- u| 
freedotn, Two-lifths of t ho heat < ner;;(y ^ “ 

being iitilifled iij inerejij^ing the into at whnh *■ 

the nioieetiks rf|»in: whilst the nnnHlmng three* 
hffchs ineretksns the IrarjfdatiMfia! etterju and 
ilm'dm’e the |>resMtirn tif the ga-i, arnl A’., -h. 


tv i| ie 

‘f 

-v 



S-*,* . 3 . 


tee t<a n; n| 




Trhitfiiinlc am! iiiflyatoinit: gaseis. 

Withtlimuitoms. oniHmif {jH’mohTuInjfHonnnuenf of ineifiaHi fla ?noh“'nh 
about //// is now fif tlie ?«atiif* nnh'r alwniti yr and -"t: henee mOo na'jo e of 
fiwioin Is adfied, and tlie vohnnetui' Invd K , ^ raised lu Ci. 


When dealing with ititenuil nombnstion engines the niol an an 3<nve.nienHy 
’large iinli, ai«l enginf»«i's ean more rffmlily the of eneuv 

,wdieri nxfitwefl in mther thafj in lieaf tnhts. Fortfieit e3>nvenienve, then, 
th^volwnjetncheai, In ft.db, futr Htodattimibie h#Mtat hetm inf todneed 

Fora’diatmtik gtisthoispidfinhrat iMjrs.e.r’c, at eon- ^ 

, itant Yohimti, is y 

n 1400 !f« t 9 *B fi.4b. }Mir eu. ft, |«:t ft. 


I ^J^vfvtUMn 
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Hs tl the .vaine teniperafcure risje had been exjjerienced at constant volume, since 
from [). iO 

V = VsM. 

| 7‘2 

, . Ivinotic energy = -- is proportional to temperature. 

Since we caniujt create energy, both forms of energy must have been derived 
ln>ni the 4])]tiied lieat; wlience we have by the Conservation of Energy the 

most important relation. 

Oni^ntity of heat added = Work done + Change in internal energy. 


>Symh<jliCfiliy Q-pv+i.E., (Ij 

or 1 0 l»o more exact clQ = pdv + d(i,E.). (2) 


Thc‘sc* ({uautilies of heat being in consistent units, i.e, as written, they will 
be ill tt. jh.; alternatively in heat units we have 


dQ = 


Total heat If is defined as -^^-4 * i.e. 


dll ^ -f d(i.E.). 


Ileitee hy (3) 


dQ^dH 


vd'p 


(3) 


Application of equation (3) to the heating of one mol of gas. 

If the volume remains cjonstant dv ~ 0 , whence dQ - c2{i.e.). 

But by the tlcfiuitiouof specific heat theheat added per mol at constant volume 


;= dQ « K^dT « d(i.E,). 



ad 


(^) 


(5) 


If then, m integrating (4), thechange in i.e. « - Tf} permol 


* Tfiih instanmnccus value of spwiifte heat. {h|. iho True specihc heat) is not of 
groat, to engineers, who are coneenied with the heat to be supplied to bring 

about a iinito ehafigo in tomporature, i.e, the Mean specific hesit. 

For & temperature change to Tg the mean spediio, heat ia 


t r fr* 

,v , 





:^0 Thf Khutff' 1 * 

Si?iHlai‘iy, at fuo^^aU iIh* lirat U i- »>f shlK-mil 

Kiagmtiifle horn fh(^ |iR*\ioii'‘ df^K R In 


<10 - f( ,f'd '1 1 
< /» 


^ l , 


HyJaule^' L[U\ I'mj' tlu* tiMKiaTaturf u-'-' Ha* uwiv.i-*’ «:i 
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dij - i(^Adl ' ^ ^ • K,,d i'i 

or ‘ h ^4 ' ' ‘■'**1 

But j)f*r juoi uf i*r - 

Diifcfrr*irtiati«gth}s,e\|n’OHHois with to t€.*m|ai'.it4irM, und rauwophrriisi^ 

that p is (;onf.taut., w«j har** , . 


f|wbfttitutiu}| i,Hj in |i). 


V„ iTM., 

^ J.) » X I 




We uiti-y miskier thin m i2; m» that tor si nuinahuuir iias . h, diut^iuik 
Kp - A 7, liial kintmitm A‘|, - K 


Ratio of 8pe<;iiie lifoa ta, y » 

ft V 
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Ex. Cfdculate i?, and Cj, for one mol of CO^ and also 1 lb., assuming that CO 2 is 
sulficiently removed from the vapour state to obey the kinetic theory, 

C 

C03= i 

0 0 

and IhcrefoT’e it is triatoraie; hence 

= 6 and K^ — 7'9S5. 

Tlie universal gas constant is 2780, and since the molecular weight of COg is 44, then 

63-2. 


R 


44 

6 


= ~ ^0-1362, 




7-985 

44* 


= 01813. 


Ex. Change of internal energy during compression. (London B.So.) 

A quantity of a cjortain gas is compressed from the initial state of 3 cu. ft. and 
15 lb. per sq. in. to a final condition of 1'2 cu. ft. and 58 lb. per sq, in. 

If the specific heat of the gas at constant volume is 0-173 and at constant pressure 
0-244 an<l the observed temperature rise is 146° 0,, calculate the change of internal 
energy. 

Change in 1,1. (1) 

To determine p^v^^wET^. 

= 1400{0-244 ~0-173), 

(68x1*2- 15x3) 144 

Increase in i.b. = 0-2443»x 0-173 x 146 

« 6-19 o.H.ir. or 8666 ft.-lb. 

Ex. Constant pressure heating of air. ' (I.M.E.) 

Three mhk feet of air at 2Q0 lb." per sq. in. and 176° C. expand at constant pressure 
to 9 cu, ft, Find the temperature at the end of the expansion, the work done during 
ex^nsion and^ the change of internal energy of |he air. 

^ 0 ^^ 047 . . 

' / , Heat^dedis Work done -f Change in i.n. 

f or of gas this heenmes 


( 2 )',-} 




■'uj. - ■'j' r ,i ‘ 1 ’ ’ I >•'' 1 ‘ I ‘ ''' ' 

M'.' . r r. 




eL. 
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j ‘ f' 
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ur 


(a;- A-,) 


But jicr mul of 


pr 


Dilfemitiatujg tliin f^xpri‘a?^km \\illi rcr«ftf‘»i. . .^vA V'nxi’rA^^^nt^ 

that p U c'(u»Hiaiit 5 wii fjavtj 




8iihf.tiltntiri^^ i>} in |7), 
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» 7, ttiifi tncituiiii^r «- 


. ,, un ■ 


Ratio of specific heats, 

*ti» 


Tills ijiwMtity Is of great importaiiw in attiiilutflti <i)i«ai|ijrH, 


By (9). 
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Ex. fidouliite y?, C\ and 6'^, for one mol of COg and also 1 lb., a.ssuming that COg is 
Miihciently reinuved from the vapour state to obey the kinetic theory. 

C 

0 0 

and therclore it triatoniic; hence 

/^ = 6 and 7-985. 

The universal gas corivStant is 2780, and since the molecular weight of COg is 44, then 

mo 

44" 

44 

7-9S5 


jf2 = 

a 


63-2, 

« 01362, 
0*1813. 


44' 

Ex* of internal energy during compression. (London B.Sc.) 

A quantity of a certain gas is compressed from the initial state of 3 cu. ft. and 
i.l lb, per Kq. in. to a final condition of 1*2 eu. ft. and 58 lb. per sq. in. 

Jf the H|}C)cifi<‘ heat of the gas at constant volume is 0*173 and at constant pressure 
0*244 and the observed temperature rise is 146° C., calculate the change of internal 
energy. 

Change in T.is. « -Tt). { 1 ) 

To determine u\ piVi ^ wMTi, == wET^, 

« 1400(0*244- 0*173), 

{58xl’2— 15x3)144 
w =5 = 0*2443 lb. 

1400 x 0*071 X 146 

Increase m i.e. 0*2443.x 0*173 x 146 

« 6*19 o.H.tr. or 8666 ft.4b. 

Ex. Constant pressure heating of aiir. ’ {IM,E.) 

Three cubic feet of air at 200 lb. per sq. in. and 175® 0. expand at constant pressure 
to 0 cu. fl. Find the tempemtwre at the end of the expansion, the work done during 
ekpanmon and the change of internal energy of |ho air, 

' " ' _ C^«0d7. 

' . . Meataddedw Work done -f Change in LE. , ' 

, For lb. of 'tills' becomes *' , i- / ' - ’ 

■ p ’ ' . i ' ’ ' , . I 

'tn < ~ 
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diln^.‘llsioll^ ti-uiperatuTc' therefore that the specific heat of any 

rtilier subsitince iiaa this dimension. At this stage it is best to regard heat and 
tcmperatiue as having .separate dimensions as fundamental as mass, length and 
time. 


Oiftutiion. 

1 ht* mixing <d liquids and gases may be explained by the kinetic theory in the 
irtg w ay. Imagine that M'e have, two gases separated by a diaphragm which 
IS hUfldcnly removed: the molecules of one gas will invade those of the other, and 
gradually the m(‘an kinetic energies of the two gases will be equalised, producing 
uniform temperature throughout the mixture. 


Dissociation. 


In a mixiture of gases the weight of the molecules of the mixed gases and their 
I es[K*»‘tivc* V clocities are very different, and when the temperature is high enough, 
the moltuudar encounters may be so violent as to split up the compound mole- 
cuit‘s into their elements. 

1'hi,s sepK-ration may be only temporary; given the right conditions, recom- 
bination will proceed at one part of the gas, whilst dissociation is in progress at 
anollmr. The extent of dissociation depends mainly on the temperature, and to 
a less extent on the pressui‘e. 

To overcome the molecular cohesive forces energy is required, so that in the 
uorniid combustion of an explosive mixture a limiting temperature is reached 
at wdiich the heat evolved by the molecules recombining is equal to that absorbed 
by those which are dissociating; a balanced state therefore exists. 


of temperature rise during the compression of a gas. 

Imagine that at first* the piston (Fig. 7} is stationary and that a molecule is 
moving towards it with velocity F. Since the molecule is perfectly elastic, it 


will rebound with velocity - V, 


the pktoa with velocity ~ ( F + w)* 

. , But the piston is moving imvard with 1 
that , the absolute velocity of recoil 

^ ,/ ,ai» F-t^W. 

>' , ''ibo feihetlo of .the 'mobichlo therefore ^ | 


an^’in 
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Ex. Compression of a f4ii.s. 

A V f>i fja^ i^ fiorn afi M«*} li u 1 * v 
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PARTIAL PRESSURES AND GAS MIXTURES 
Daltoii^s Law. 

Oil }). 10 it was shown that the pressure p exerted by a gas is given by 
’ — 2780 

, p ™ IpV'^ - hpaT = pRgT— — pgT in absolute units (1) 

I M 

; From (J) = I X 278092'. 

t 

^ Tt follows therefore that the kinetic energy of all molecules possessing the r.m.s. 
velocity at the same temperature is the same, whatever their mass. 

, If thorofore we consider several gases, 1, 2, 3, each displacing 1 cu. ft. at 
a coinmott temperatui’e T, the individual gases will have the same kinetic 
energy. Further, since gases are mainly empty space, they may be collected 
together, at constant temperature, in a vessel of 1 ou. ft, capacity without change 
of individual densities. The total energy of the resulting mixture 

= J(p/!+P2F|+P,Ft)=fP. 

(Jomparing this equation with (1), the Total absolute pressure p 

^ ( 2 ) 

Hence the total absolute pressure exerted by a mixture of perfect gases, which 
have no chemical action on each other, is the sum of the partial pressures which 
each gas would exert when occupying the sanie volume as the mixture, and at the 
same temperature as the mixture.* 


Given the total pressure to find the partial pressures. 


Since the gases are perfect, they will obey the law ^ 

pv « wMT* 

ff the total pressure is p, and the partial pressures p^, etc., the total weight 
, of the mixtee er, ,and that of the constitt^nt gases Wz, etc., then by the 
characte^tic equation, , , 
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PurUul Pressures and Gas MixHires 


J>y ( 3 ) 


Ih " 77 ^ 32 ‘ 


.Dub 


Total 


pressure _p = = Pn 1 + 


?? 2S\ 

77 ^ 32 /* 


_ /\ 
P V 




0-792. 


By differeiico = po/p= 0 - 208 . 


Alternative solution. 


The total pressure p — Pi-^Pi+Pa. 


P . - 1 >GtT , . ^ , 

J>ur 111 general ^ and since T and v are common to the mixture and its 


e<jn.Niatuent‘s 


irUT T 

p ss .,,1, 

:, Tt for file mixture = f + ■ . -I • 
L«1 W ^ W J 


FuHlifT 


M 


2780 


* pr /aoo 2780 0-77 x 2780 \ 

. . ii for raixtnro ~ f 0-23 x -p- + 1 « 90 * 4 . 

By ff|tiation (3)* = 0-23 x x g|jj> = 0-208jj, 

^780 I 

J>» = 0 - 77 x=jg-x^j. = 0 - 792 ^. 

Ex. I^artial pressure in a gas mixture. (B.Sc. 1935.) 

f 

A mixture of methane (CH4) and air in the correct proportions for complete combustion 
k eontaiued in a elosed vessel. The volume of the vessel is 1-3 cu. ft. and the weight of 
methane 0*05 lb. and the temperature 127 " C. 

Assume that the density of hydrogen at k.t.?. is 0‘0056 !b. per cu. ft. and that air 
fontains 77 % by weight of nitrogen. * 

Eind the partial pressure exert^ by the methane^ nitrogen and oxygen respectively, 
and thus the total pressure in the vessel. . 

When €H| reacts (see pv 606 ). the, proportions by volume are CiJ*; 1; 0^ 2, since 

' ' '','1 , .'i’ /! ” “ i> . M . . y , 

^ 1 * / M -r ^ « i^j, i ^ , ' t < ‘ ^ 

^ '3, ^ N iK - ' . r , U 


is 



Js pff f ^ 


''Jl 1 1 1 


1 ‘t M S* 

1 i 

1 

1 


p if 


! 

1 1 

1 


i f } t * 

1 M 

1 • i 

f Oil 1 ^ 

‘1 fh } ' 

f 

» 

ih 

1 n li {Ilf 

IM 

I't » il 1 If J f 
\ lull '< 1 

hi > f< 

1 

1 

. iio 1 1‘ 

I'itti li pH 

HU 

Mt * Ml , , 

}H » 

Mh j 

m n j 

l*ntn* pt 

* » * 

'•‘'tttf ffl lUtH* 'Ml 

iM » 

:hi 1 

m i i 


rx» ’r«u} t)f 4 uas imvtui i* 


I h •* 


\ f 1«H1 tl 111 I hHt> Ml it Itf I I 1 I) V**?! ^ *l I 

jHHiuU oHniltn^i II n>ii HtinHfit I M ♦ « *ipli5 Mohi I 
(iti V\li«iMlt< ifi|«i i^tUi intn* u IhJ** t Iff* «uii» M» j» f » 

0j \t \Umt tMn|)f r ihiif wnuMUit jh» )nih» * h> i »!fKi*h |> | i 

Tiki*Hn ilnmH t4 |»»r t fj ir ^ t i , f Hih 

Ot n ill ui M ili * rt l)\ WK I* lit 

* 

\uJums>M>t i usit} u N t I tiTui if 

tttHfth *< 


By (i| in (2), 
And«in0« 

IPWwL 


t'mvmui nU 


TUO hi 
JTit 


J77*t 


pi - 


H 


Ttital JIM mm p {p^^pi,i p^ ) 

Total pro'fsart* ^ {*< ^ t « » Ug t 
.2770 


H 


M * 


. *%12770x(27Jlf2il),* 

f’"La’^ 28 +l 2 j ■ wUw 
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'*0 1 2hs (>S1 

P - 2 j == 95 9 lb per sq m 

P\h 

j = y ?’i = ?L 

M 

. /’.= /'/2 = 2‘}3x„^?® =306 

'■pi 9o 0 

m 

Idiipuatuicat lOUlb pei sq in == 33° C 


Gas mixtuies. 

So Id I tbo kiuol i< tlicor} has been applied mainly to elemental gases and oliemi- 
i tJ <oni|)min<K ^Ultleas tngmceis aie fiequently concerned with gas mixtures 
To *q>] )h f ho ivinelK thcoiy to a gas mixture, therefore, let us fiist separate the 
mi v1 uic mio its i oiistitucnts, to -viliK li the kinetic theoiy is applicable, and then 
uhhhi HsuU,lhus 

(’< >iisidt 1 one mol of mixture iii which the constituents are thoroughly diffused 
imt e u Ih vinis its fwii paitial juo&sme, after sepaiation each constituent will 
dK(ila<(‘ oiu* mol at ils paitial pressure, so 
\hhi \M will now haxe sevoial mols of gas at 
pussuK M p pii, p^ , etc 
T{> obtain the jihysKal constants for the 
inixtme howcnei, weinu‘6t have but one mol, 
so this nuohis laising the partial pressures of 
the constitueuts to the total pressuie p by 
iMJtheiiual iomjm'ssion 
The result of this sc paiation and compression 
IS shown in Pig 8, whtie each constituent gas 
J H (ii IS at V T e , and is sepaiato from, 
but iontigumis with, its neighbour In fact the 
hguu* iliust rates the volumotnc analysis of the gas. 



Ex. Mixture of leases, (BSo 1039) 

A doscsl VC Hsel has a volume oi & eu ft and contains a mixture of methane and air, 
the pioportion of air hi mg 20 % gi eater than tShat theoietioally required for complete 
t ombuHtion When the pleasure of the mixture is 200 lb per sq in , the temperature is 
l 2 iPV 

Taking the dtmmty of hydi ogen an 0 0056 lb per cu ft. at sr T r , and the proportion 
of oxygen m air m 23 %, find the weight of methane in the vessel 
The air required for combustion of methane may bo obtained from the equation 

CH4 + 20 a«*C 0 g+ 2 Hj 0 , 

I J 1 « 

i. 0 . 2 on. ft of 0® are required per ou. ft. of 

♦ See p, 47, 
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Lot ,<■■ If*'' ?li^“ ^cjiiiiiio fii «af'H?a.'}‘.’ hi ?L{' }|s‘-n 


1 tt fif 
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Ono aio? olf H,. di^iKlrat's- , * a, ft, at 

^luloauhir wt‘L>ht at fni'tliaw f fij f»L 

»*' j 

/. UViuhi ornsoOMiio in ‘ x N< ^ li ItO ih 

tU7 


T0 dfet<srt«Jii(u the eqwivak^nt mokitak^r w&i*|tit uf n niHum^ 

' ^V‘ In? the? 4k|4ii»‘^*i] hy llii^ J , /I f\ (U 

m onejiiol of at K.T.r., tlion 


'f %‘i ?V*T ... " cti, fi . 
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Pdiilal Pressures and Gas Mixtures 
If the aiialyhjy by weight is given, then 

% w j = ^ ^ 

whcj’c is the weight of constituent A m lb. contained in a mol of mixture. 


hi the .same \vay 
But 

uhc‘ue<;, by (I), 




< = 1-K • Jh = 

o58 358 lOOilf^ * 




Krjuivalent molecular weight Jf = -^ 


100 


%‘^A , %^B , %}?0 

Mr 


^ Mr 




+ .., 


(5) 


Sinee the evaluation of M. from (4) or (5) involves a summation, it is best done 
in taiiiiiar form thus; 


Ex. Determine the equivalent nwiecular weight of air given the volumetric analysis 
as iabuUi(!(i below: 


iJi air 

Volumetric 

analysis 

%v/I00 

Molecular 

weight 

M 

Pounds in 
one mol of air 

■~To6~"+- 


0-2092 

32-0 

6-69 

Ka 

0-7814 

28-02 

21-90 


0-0004 

44-0 

0-02 

Argon 

0-0090 

40-0 

0-30 


28-97 lb. 


Hemal one mol of air weighs 28-07 lb., and by the definition of a mol this must 
he the et|iibalent molecular weight of air. 

Sp^ciic heats of gas mixtures. 

bn p. H it was shown that the universal gas constant has a value 2780 and 
that IhkJgure is equal to the molecular w5ght M of the gas (oi; the average 
molecular weight of the gas mixture) multiplied by the characteristic constant 




Ffiiiud fUfii ^rin > 

Xovr in a inisituio tha nuui nf tin* iiiffif.al nt 

tiuents eijnal Ui tia* total iiitonnil t-nmrv ot tlv if tin jotvao M r fin 

asTra<fe tnnkfcukr \r{*i,dit oi tlu* inixtuu* and n\^ ntr ‘u’p \ m*' n t‘ 3 al 
{»f ihf» f*oii>3fif,iU‘Ht J, U, ( \ rt!'. ''i5‘> Hiii rend ui inisturt']- ^ ^ ^ ^ i*h’. tf,if 

>}ie(*jdr hnat.N af <‘nfi' tant tolunn*, rh<*n 

i\\ Temp* rko -• (J/i k demf!, hm* [ir^f ^ « -r.j r ’ 'IVm?). ii,«. 

/, A,. fn* jf' ^ - ^r,J’ ^ , j. 


But iVum p. JItt, 


A A’, ■-- . :. 

~ * f‘A ,. r i y r J 


wliem h\y eta. are the mde^ailar hmf h, at aoisNlanf f duim 

Had the ptitjiid hotnt taktiti as Hie itiiii iiisk‘a<l oi Ha* mih 

'' ''' M '‘ ■• i 


Itip.l/ 


f V . i ^ - * I . 


Butfimi p. stf, M .c. 

, ,, «, f4*^f ^ J 

The eDTOHpomliJig e^tprejitiionH hr iwal aw 

1 lil f % ^*1^4 ^ % ^hi ' 1» 
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Partial Pressures and Oas Mixtures 
Ex, Heating a gas mixture at constant volume. 

Explani olearly wliat is meant by volumetric beat. For temperatures below 500° C. 
the volufiietric heat at constant volume, for air is 5’0 and for CO2 7 5. Air and CO2 are 
mixed 111 the ratio 8 to (> volume, and a quantity of mixture measuring 10 cu, ft, at 
IS warineii ironi 15^ to 450" C. at constant volume. How much beat is supplied 
to the mixture I 

f kuterall y specific heats are reckoned per unit mass, but for gases it is more con- 
\ ciufint. to reckon the heat per unit volume, unit volume being considered as the volume 
displaced, at x .t.p., by M lb. of gas, where ilf is the molecular weight of the gas. 


C'uustitucut 

Volmnetria 

analy.si!3 

Volumetric 
heat K„ 

% -J- . • . 

Alt' 

8/14 

5*0 

2-855 

CO. 

6/14 

7*5 

3-220 


= 6-075 

Heat supplied - x 6*075 [460-15] = 73-8 o.h.u. 

OOo 


(B.Sc. 1936.) 

Ex. Define the terms ‘ mol “ volumetric heat ” and “ universal gas constant 
A gas has tlm following comjiosition by volume: Hg, 42*4%; CH4,21*7 %; CO, 17*1 %; 
CO.J, 4*8 %; Njj, 14*0 %, Calculate the mean molecular and specific beats of this gas and 
fiml i ts density at n.t.p. in pounds per cu. ft. Assume a volumetric heat of 5*0 for diatomic, 
8*7 for C*H4 and 7*3 for CO3. Take the difference between the molecular heats for all 
guses as 1*08, What is the value of the adiabatic index for this gas? 




' 

Volumotrio 

Moleculai’ 




, Cwtotifeuout 

analysis 

weight 

Kjg 

%vM 

%vK^ 

i 

1 

0 / j, 

/n 

jU 




' ih 

1 i'H| 

42*4 

2 ' 

5*0 

84-8 

212*3 

21*7 

16 

8*7 

346*6 

188-7 

i c(i 

17*1 

2S 

6*0 

479*0 

86*6 

1 COa 

4-H 

44 

7*3 

211*3 

35*1 

1 N. 

14*0 

28 

5*0 

392*0 

70*0 


; 1613*7 691*7 


Tolumetrie heat, - 5*917. 


Difference of volumetric heat - 1*98 7=1*335. 

' Me^ii molecnilar weight ■ as?i6‘l37, / 

'' ^ ,'y": ;'**'^W* ^ w 0.41. 

' ''i .-kl: ^ 

^ , 't all ^ «,ff*0423'lb. peji'ou.it.''' 

' iW 1 1 1 ' 1 ' I,' , ' . I . ' ' ’ '1 ' , , 
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Characteristir constant for u j},us !iii\turc. 


Frtjfn p, 14. 


.V - , - ‘.'w V, 

jijn' ' ^ 

. i , i '! 

*■ // lH}i[ L'TSif J‘ 

^ 27 MJ ///' 27^0 //,/ ’ 

, ? . 1 r‘’;,':i 1 

•‘ /r louL / 4 , i*v *.!’ 

Had the aiia{y.4s hn-n by wf-ndit, wc have t{!s«‘ etanv.dif'of i?,’ f. t ul u-vsVIa, 


I W Ki , ' n I 

\ J/j " 'J4 ' '“f 


aiisd /* 


Hio I J/j '■ 




Ex» The volume ratio lifair to gats lor tImaomhiMtibK’’ udj!tOm-«‘«|»|jio '4 

Ifittto I, Oik-uktethe vahioof //. F'^aiidytor I Ih, utoutiuf iftls** lo^iiuiki 

weiglii of air h llS'f) and of the ga» k Id. 


t iflo ':"' . ''ij7Kfr' ■ 




ConMitmait I j. ^uj^ht I IMMUttj* in , 

' ' . 5 iitu 4 0 * . 

--Air “ J’ '..d/l-,* I . zm ' ' 1 ' u*m'' t 

k,\/ ip I ;' m f : ' j 
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Partial Presmres and Gas Mixtures 


35 


Ex. Characteristic constant and contraction in volume. (B.Sc. 1926.) 

The vohmifiti’je analysis of the products of combustion of coal gas and air are found 
tt> be up 14-37 %, CO, = 5-1 %, Og = 7-58 %, Ng = 72-95 %. Determine the value 
of li fur Ulis mixture, assuming the specific density of Hg to be 0-0056 lb. per standard 
cu. It, (State eleiu'ly the units in which R is measured. 

Find also the value of R for the gas and air mixture used on the assumption that the 
('licmicai contraction after combustion amounts to 2*5 %. 

1 ryoV,M, + %v,M, + --l 
R 100 L 2780 J' 


C’on«tiitiuoni 

Voluraeti-jc 
analysis % 

Molecular 

weight 


liD 

14-37 

18 

258-5 

CO, 

6-1 

44 

224-3 

<h 

7-58 

32 

242-6 

N.. 

72-95 

28 

2043-0 


2768-4 

M = = 100-3 per lb. per ° C. or ft. per "C. 


Effect of contraction in volume* 

Contraction has no effect on the universal gas constant but since there is no 
longer a mol of gas present pv - 2780 iT cannot be applied. The weight of gas 
present, hovvevetr, is invariable; so that with a suitable change in i?, pv ~ wRT 
may be applied., 

Imtially pv « Rj^ T, 

Without change in p or T, v now contracts by 2-5 %: 

p X O-07SO = B^T, Bg = 100-3 = ^ x 0-975 = 0-97SBi. 

100-3 




0-975 


^1030 ft. " a 


Mixing gases at different temperatures md pressures* 

" froni the conservation of energy the total internal energy of the mixture must 

- equal the sum bf the internal energies of its constituent ' , , 

:/ , If we de&l with unit weight of gas and, regard the specific heats as myariabie, ^ 




IW {'2) in { I), 


/^’f /f v tlinf 
i>i'( /'f ' f ^ ' // . 


I! ' U 




r, ! ^ 


ii liTstfj/ J7^si 

^ , .V A , h , 

fh;tT hIu’/J L'N h.7vin*J' tl»i .tHic* ijUJjilu rln 

/A A‘, /A r ( f 






Hf- j'f f ?rft H*. ?(ii ,>|f< ftSL'^l 




’ TfJt'ort 


(U A |;fari wlik'h th(‘ kiiiHl** |it*if4‘i fk l< Ij.m.i) j a fK* f k,A. 

ami fbi! C”«{5iH{iHU ('uurraJliii;? \»44i?ii:u^ iu>*t sifUf f-» r Mtjt t^tf 

wht'itj ji w tti 111, prr Jk, 

r is tjif* voluriiv in i,*n, f?., 

T ib tkn abvsolnti* tcmi uTiii nu* in I \ 

(2) T!w mfmmi c4'a faifv ik; u-m. 

pmturck 

(S) Kf]|U}tl vohitiip^ i,il, at flii* Munsi' 4i3«i phAHtw 

C'ontiwn tfni ttuintfC ?!* hri |»i*i)ii|juft}r?n<»l to 
wdglit,' 

_ {4) Out;? imil ot* gan at. rlii*|*iatt3a a|ipteiiitak4y Jl.jis on It - 
'(S| S0ll<la liHfl liquids ^xpiijid fxi ?«itt'h a that A\, ami h\^ m 

t^km as miiial thm afijirojcinmtkiti uHtmimtos a wtain aimauit iionklo 

tar^e ptmmm me. m k\ mme Fi^'rlftr ralnm. ^ ‘ 

'W) Haai added iti a gm « Wt?rk dniw f m Ln* ' '• , 
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Volumetric heats of perfect gases over a limited temperature range. 


Xo of 
aioni'i per 
Tnul‘''CUll3 

Aj range- 
ntf'iit of 
ntom-^ 

Degrees 
of trans- 

Degrees 
of rotary 
freedom 

Volumetric heats 

Ratio of 
volumetric 
heats y 

latory 

freedom 




• 

3 

0 

3 

5 

l-(i6 

li 

•HI 

3 

2 

6 

n 

7 

1-4 

3 

1 

.3 

3 

6 

8 

1*33 


EXAMPLES 

1 . The characteristic equation. (Junior Wliitworth 1928.) 

The expression pi) ^ wRV occurs frequently in elementary thermodynamics. What 

do Ujc* HVmbqlH represent and what do you understand to be the significance of 
.Shrn\ liow t/his {'xpression summarises the laws of gases known as (1) Boyle’s Law, 
(2) ChiM Law, 

2. Air receiver. 

An air receiver has a volume of 15 cn. ft. and contains air at a pressure of 30 lb. per 
sq, in. absolute and 15® C. If the specific volume of air at n.t.p. is 12‘39 cu. ft, per lb., 
find \ he pressure in the receiver when an additional 2 lb. of air has been pumped into it 
at LV C. Ans. 55*6 lb. per sq. in. 


3. Density of u gas. 

A certain gas has a mokfcular weight of 44 and density 0-1224 Ih. per ou. ft, at 
What is the density at n.t.p. of another gas having a molecular weight of 26? 

Ans, 0-0723 lb. per eu. ft, 


,4. Specific heat and density. (Junior Whitworth 1928.) 

State what is meant by the term “ specific heat,” as applied to (a) a solid, (6) a liquid, 
(c) a 

Gives numerical examples of each if you can and say in what way, if any, the specific 
^ heat is relaM to ^hq density of a substance. > . 

' How would you proceed to determine the specific heat of an infiammable liquid subh 




6, Ghamcteristir cofistaiit uneti m«4i»cular 

<';ilrijhd{;lli* \^iUh nfH^ ^ u h *-1 Hh^^l ’f. i* ' # . 'r fi (JX 

Air. r(l, rii ^and rJi.. f'j? iJ iN U, If, 

nmiiK ‘‘ ^ ’“'M. N j ! r;:r;AVu 


7, Heating a \i,m at volunu-, 

flfW fuiif’h ha.'i Jf’ rt'ijUM' d ?•> f.U''*’’ t fj» >*■ u*' (r^Jtfia ^ 

uj.nncl la {’, thiuUL'h -la i\' 


t d '? f ij'i 


8. Hoafittj^ GO^ at comUiU pr«sj,un* and coiislaat u<J«fna. i ; 

Ow* pouitKi (d Vt\, af ri pp UM^ ‘if p. r In. n ? it > ff a.f‘’ T'?t a'a j. tj *1^! 

lii*" ti» 2 <tl<rCA ,if f'anJsijij |n*’-var*\ i^*} ul voiS'.i »f',f udffna'' u. i 'r'h ca, t 

finnl pre%saj‘«> ftnd tolyaia, the aimand «/l f'ih*r^v aif >1, Oa.' ‘”'*r 5 ) d v ihny , arA , 

Ja'i. 7 > u If,: Itf'd lie |a r * n 'u,: dT ',' * jfa . 


Urn 

Thm! rJi. fl, Jii'utr at lb. pra iH, tud Ha f* f -» i; ' ■•'' ^ ^ 

(fj} lit ptMt^'isr in j ni M m *?,. 

«l!>) lit ff»mtii*nt' Yphiaa' in <i *.4' b» fb, |Mi'r m, '"i 

Find i» Yiifb CHHi* btw|imlare its lift'* iKir xf-d* . dja bf«A dapj-s' tht 

ehanUf , tbi* vYwk ibae a«d the ehajitce in int»^rnal 

C. nur.rn.K ',■ 

10* Farfiat presayreJ* tii a misetarif* 

, Fmd rmi5s*ant b^ra «4 Miru.l! 

of air ami I eu. ft. of gfia hfivinj* a ik*fj«il nf H-iilfb lb. P , at \/r r 

' ' ‘ , ’ *l> U '■ f 

-11. PwtM pt&mmk and total pr«Mr«* d I'Mv 

A mi^staronf CB^aJid air in ;tk‘ rorroH |»ro|rt'*rUo«a for iY»m|tkfo etnniaifclamk^ 
.coatidnklln voisiol Hio vol(im<» of tho vrwl U ra, ft,, iH« 

; Ife. and;' to tkmpora^to'w 127^ C. Find ib'e i^artW presmim^ A' 

,'to C|E4^* and^ C;^» and tbw to Uiid pr«*iifdri» in to ' ? , / 'I 
'* ''.Pf%i ®* ^f'^* |i^ k?4 ik,“ b^2*S lb., |wsr iq, in.*, m 404 lb- |at' 

1 t ( 






39 


Partial Pressures and Gas Mixtures 

13. Specific heats of a gas mixture. 

The volumetric analysis of the exhaust gas from an engine was nitrogen, 75 %; 
oxygen, 15 carbon dioxide, 10%. Taking iT^for O 2 and Ng as 5 and for COg as 7-3 
cokulate 

{a) the volumetric heats of the mixture, 

{h) the equivalent molecular weight, 

(r) the specific heats. 

K, = 5 . 28 , = 0 * 174 ; M ^ 30 * 2 ; = 7 - 26 , Gj, = 0 * 24 . 

14. Relation between gas constants. (B.Sc. 1931.) 

>Stato and prove the relation between the specific heats of gases at constant pressure 
and constant volume and the characteristic gas constant. 

A mixture of gas contains oxygen, nitrogen and CO 2 in the proportion 25, 40 and 35 % 
by volume, Find and E in the equation p?? « ET which is proper for the mixture, 

Uiven that the specific heats are O 2 , 0-218 and 0-1553; Ng, 0-249 and 0-178 and CO 2 , 
0-202 and 0-1575. Hence find the weight of 1 cu. ft. of the mixture at 150 lb. per sq. in. 
and mf a Ans, E ^ 79-6; = 0*2206, = 0*1637; 0-729 lb. 


Variable specific heats. 


That a complex Btructure like a molecule should rigidly obey elementary 
dyrtainienl laws must exceed the highest hopes of the most optimistic, and experi- 
ment.B show that as the temperature is increased over a very wide range (hundreds 
of tlegrcics), the ratio y =* for polyatomic gases gradually decreases, but 
(/i y, - Z,.) remains sensibly constant. 

Thi* difference between the actual behaviour of gases and that predicted by the 
kinetic^ theory k due to ignoring the vibrational energy of the molecules, which 
naturally iiiereases the specific heat above the value given by the simple 
dynamical theory. . ' . 

This increase is particularly marked in complex atomic structures with high 
atomic weights, because of the extra energy required to start comparatively 
heavy masses vibrating. , . : 

By spectroscopic methods it is, now possible to analyse the motions within the 
molecule itself, and thereby obtain a more accurate value of the specific heat than 
Js gi ven by the kinetic theory of gas whibh isiconcerned only with the motion of 
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Tli( { \nif >^iuii , 

= 0 8J + 0 0()0o4hT + 0-000oSp, 

u lit 1 C /I i> 111 Ih j|)cx sq in db-aolute and iTis m °C db=>olute, allo\»t& for changes 
in (>{ la diu in both feinpeialnte and pressure vaiiations. 

fX. \ anable specific heats. 

1 lit \ ohmu i ! If -]M f liif heit ol a is given by IG 6+0 0083T ft -lb per cu ft pei 
( I iikI 11i( V nik f (piiv aient of the boat necessary to laise the temperatiue of I ca ft 
111 it s 1 1 boiu s')"' to 325 The volume la constant during the addition, of 
Ilf it 

(* ( I* yis 

iltatadrled^ (',dT = \ (Ice+OOOSSTldr 

t. J! I V i )S 

-1 16 6!?’+0 00415^2] 

~ 4935 ft -lb per s c r. 

E\. Combustion of a f^as having a variable specific heat. 

Oiv i ubi< loot of gas mi\tine, 7 parts air to 1 of gas, of caloiihc value 260 chtj. 
pn f n It IS 1 vploflt fl at r onsianf volume Thospecihc heat of the mixture is 19 2 +0 007f 
it -lb pfi (u it pen and the initial tempeiature IS 35° C. JFind the ideal temperature 
itifipif ii (h<'iiutulpKssureis26Ib persq in absolute. 

Tb» i ilonfu \ dm <infl specific boat arc almost sure to be refeiicd to if tt conditions 
In I f n it of mixturf* ilwie is \ cu ft, of gas, hence equating the heat hberatedby 
t oudm it Kni tfi tlu jiin m intoinal enoigy, 

/ UtK) J {I‘i2r0007i)di5=«192f+0 0035«2-192x35-00035x352. 

/. f=. 1810 ° 0 . 


„ _/lSlO+273\ 

' ‘ 'M 35.^273 ) "" 


Kx. Variable «tpeclfic heats, (B Sc 1938 ) 

A < t f< un mis is f ompiessod through a volume ratio of 6 from suction conditions of 
U ib |«*i sq m and 90° 0. If aftei hoa£ addition at constant volume the pressure is 
iOO lb. per sip HI , fmd t he heat energy supplied per pound of working agent, assuming 
th*d the line spoiufic heat at constant volume at abbolulo temperature T la given by 
0172 i 12-3/10 ^ 

'I'aK** lor the < ompresaion cuivopz?^® «= C. 


, -v miiif ^ V- absolute, 


m 




~ Pii^f ® « 14 X 6^ ® « J 44-2 lb per sq. in abs,, 

r.=02ixS2-’™°^- 


Ihli 


dfi.i.) «# 1 

J j02l* 


d(x JB.) « Ovdl. 
(0-1724 12*3 xlO-«rs^)d!r« 


0 . 1722 ’+^®'® 


ni 730 ‘' 

J(i%v 


/, Eqergy aupphed at conabant volume « 211-2 o h.tt. per lb. 
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Partial Pressures and Gas Mixtures 
Entropy iit constant volume: 

, , dH pdv C^dT 
= - jT - +-^ per lb. 

T • rTV 

Xu uoik is clone, licnce the change in (j> per s.c.f, = (7^^ 

= J io-'{ioHr)]dy 

"" ^ I0-’ 1^10^(2000 - 593) + jj = 0-02033. 

_ mV _ My-* 

“ hi/ - UJ ’ 


?', = 2000 


/ nr-i 

Is-s; ■ 


Xow y =■" -j/, and this is a function of T, so that is possibly best obtained by a 

trial and error jirocess for the determination of a mean for the expansion tem- 
perature range. 

From engine tests we know that the exhaust temperature is usually between 500 and 
OiJif (1, m that an absolute temperature of 1000° C. will be rather high, but is an easy 
iiguic for a provisional estimation of y» thus: 

Average for the temperature range 2000 to 1000° C. absolute is given by 
raofja 

A*, {20m)-.|000) t:: {6*134-3*3xl0“?(103!r + 3"2)}d^r 

J MOtl 

s;: 5a3{2000 - 10001+3*3 x . 

Average A, - 6-13+3-3f™+^| « 6-396 

120 dOj i.9gg 

8'382 
• • 6-396 

whence ' (Pa - ^ 1 


5.50.81 


which compares well with the assumed valije 10i)P°O, 
Altemtive iblittioii* i 
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kiKAvii, \\c must 1)6 content to evaluate this integral between the limits of 
temperafciu’e for which the relationship between specific heat and temperature 
is known; consequently we wmrk with changes in internal energy and not 
absolute values* Generally 0° C. or 273° absolute is taken as the arbitrary zero 
of internal energy, and changes are reckoned from here. 

At tltis stage it should be observed that no matter what changes are imposed 
ujion a gas. if it is returned to its initial state, i.e, p, v and T are the same as 
before the changes, then there has been no change in the total energy originally 
]»os.Nesscd by the gas. 

Further, Jio matter what route is taken by a 
clia nge, it is always equivalent to a change at 
constant pressure accompanied by one at 
constant volume, since the curve {Fig. 10), 
which represents the change, may be divided 
into elementary c'hange.s dp in pressure and dv ^ 
in volume, so that 

fCs 

j //p « Tofcil pressure change (Pa^Pi)* 
dr s-a Total volume change %). 



van der Waals’ characteristic equation. 

Tlui (*iiaract(^ristic} gas equation pv^ET is obviously deficient, because when 
T k ma)1e zero the volume also becomes zero. Now it is a fundamental law that 
matter can neither bo created nor destroyed; intense cold can, at the best, only 
reduce the volume of a body to that occupied by its molecules when compacted 
together. 

TTuh volume b is known as the Co-volume (the prefix “Co” meaning together, 
or in company), and when applied to the above equation we have 


p{v-^b)^RT, 

When T m zero,' v becomes b, so that the volume coixeotion is of importance 
wfien f b small, b^it becomes insignificant f«r large values ofT. 

In denving the characteristic equation by the Idnetio theory we considered 
that the mqkeuleH were perfectly free to move about, and that, in the absence of 
eoll iskma, one did not influence the other» , A 

' , Now Nbwton'shqwed^ that for eelestki spheres, of mass %, % and distant d 

’ for whi^.^] may' regard as a, 

' hne’inpi&cule ittra^'t^©.q|sheryahdfbr this rwonth©’ 

' of 'the Solent than if ’^is attractive 'fere© were - 


I r ^ L . I L , *1 ’ 
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CIIAPTBE IV 


EXPANSIOIST OP GASES AND IDEAL CYCLES 

The large imniber of engines which develop power by the expansion of a gas 
behind a jnston cause this part of the subject to merit some consideration. 

Constant pressure expansion. 

The simplest expansion occurs when the pressure remaim’, constant, practical 
examples oi whi(di are (a) the expansion in a steam engine up to the point of cut 
off. mid daring a portion of the exha'^^t; (b) during the charging-stroke of i.o. 
engines and compressors, and during the discharge of compressors. 



Fig. 11, 


Now Bimie perfect gases always obey the law pv » JUT, then, with p corwtant, 
varies with the temperature, and on p. 19 it was shown that ^ " 
during a constant pressure ohange was the pressure multiph 
in volume. 

Graphically this is shown in Fig, U, where is the absoX ' 
on the piston, is the pressure opposmg motion, and of heat enters t 

volume. , ' , , compression. When 

Work . dona, ’ 

'’"--HX-^ession from nhioh to dett 




f ft, ' 

4*W/ 


area.. 
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.vf Ih - Ih > this expression reduces to 
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( 3 ) 


the exp t'S'-ion being written in this form, since n is usually greater than 1, and 
unnecessary eonrusion with signs in aritlimetical work, by making {^—1) posi- 
tive, is iliereby avoided. 


uoi by? i.e we have a compression. 

"t rarely hap]jeiis that wo are given both and p^v^, but we must first 
d(‘tei’iuinc one of tiiese quantities from tho relation 

( 4 ) 
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Exjpanaioifh of Gases and Ideal Cycles 

71-1 

Whc j is infinite j j becomes indeterminate unless we let , then 
. \Pif m’ 

n—l ]/m— 1 


n 


i/m 




When n u iiiliiiitc, m - 0. 

■■■ 0 


71 —1 

71 


l (1-wi) 


Work done, W - 

00-1 


.h 

Pi 


‘ =0. 


x\ltematively ^^ith 7i = oj, i\ = and equation (7) reduces directly to zero. 


Adiabatic expansion**. 

A gas is said to expand adiabaticaliy if no caloric heat is extracted from or 
rejocted to an External source, and that internally there is neither chemical 
iurtion nor othf^r losses wMch would reduce the stock of internal energy of the gas. 
A rcdufdJon in internal energy, however, occurs in performing external work; 
hut if the oxpansuHi is reversed, i.e, the gas is compressed adiabaticaliy, all this 
energy is iritarncd, and consequently the gas is restored to its initial state. For 
this rtmsoit the e.xpansion is said to be revexsible. 

From equfitkm (H), p* 19, 

dll - ~ + 0„dT per lb. of gas. 


For an atliahaiit* operation, 

rf/f = 0 = ^+OJT. 


( 1 ) 




To oxpre.ss this ecpiation in terms of p and Vg we have pv^ - MT, and 
ditoeutmthig, 

pdv,+v,dp_p/v,+v,dp ■ 
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Kx'pfinh'uM of Oases and Ideal Cycles 

For afh.i bat ic coniprcfcSioi], vl = p^v^. 


“ ^\pJ \200) 


^2 ~ 0‘476 cu. ft. 

OA(l y 0'47f> 

Final pressure ^3 = ^ = 31-8 lb. per sq. in. 

For i'-othrnnn! fAjwiii-non the temperature is constant; hence there is no gam in 
hilt'tnal ejit'VgY, niul Urn heat added 

'riie work done == 

200x144 x 0-476 , 3 

WOO log.or47-6 = ^®-02<’-=-®- 

The tvniy change in i.r. throughout the cjycle is during adiabatic compression; hence 
this iw tiit^ ht-'at io bf‘ rejected ai/ the end of the cycle in order to restore initial conditions: 

I’he work done during adiabatic compression 

- i 44 | — - 17,760 ft.db, ~ 13*68 c.3i.n. 


Ex. Difl’erence between adiabatic and isothermal work. 

i'^md the difVeroiU'e f)etween tho work done in compressing 5 cu. ft. of air at a pressure 
f)f 1 r» ih, per sq. in. to a volmiie of 1 cu. ft. when the compression is adiabatic and iso- 
therltial. 

The difference in work = — —p^ logg ™ . ( I ) 

X. 

Since the gas is being compressed (the final volume) will be less than (the initial 
r I 

volume) so that ^ ® ^ , where the integer r is the compression ratio. 

For the same reason iPi^t-Ps'^s) will be negative, but since log^l/r = “log^r, 
expiation (1) still gives the difference in work, although the individual works were 
obtained for an osEpansion. ' > -♦ 

By (I ), and the expression p^ t?)' - we hav^ 


The difference in work sw pi% 


■log.^ 




■pa X 144 X 5 'log^ 


‘<!'i 



•>4 of V f//. f/ lihifl 

Reiation between pressures, uilumes, aiifl teoipriafyres, \%hi% ifj, 
expansion foHow's the law pf’"=:r. 
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Ex. Adiabatk »adi isotliermal wmpn^hHim trfiiir. 

Ten mihh feet of air at 14-: Ih, h|. hi. mal tV C. .y-e r.«npr^-i*‘4 ^n!^* >1 ew, 
< aleiimte the finiil tinnjit’rrttnrr iuH preiiJ^nre 

(fit| if tin? eohtpn .-ssion is *H<;4heitieil; 
t/h iftheeoniprmion . 

With T mnnimii . wii T. 

,% /■'sf ■»• 4f ih, p«TH«p in. 


ft . iM ^ 


«« 4$1 
















t . A 


. ' .‘A 


■hif 
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Expansion of Gases and Ideal Cycles 
Ti==451-9“a, 2^2 = 288-6° C., 


T, ^ 


" 288-6 ^ ^ ‘ 


1 401 ‘9 . . - 

, 0-19474 , 

/. 7 rs 1 4 =s 1*408 

^ 0-4771 

WorJi <lniu» diii'ing expansion 

38,410 =: 1400 X C;(451-9-288-6). 

A C?, = 0-168, 0^ = 1-408x0-168 ==0-2355. 

Ex, Weij^ht of gas compressed and initial temperature, (C. and G. 1927.) 

I'he spcKjifio iieats at constant volume and constant pressure of a certain gas are 
0-173 and 0-244 respectively. A quantity oftMs gas occupying 3 cu. ft. at 16 lb, per sq. in. 
is isonipmssed adiabalically to 60 lb. per sq. in. and the observed temperature rise *= 
1 25” C. Find the weight of gas compressed and its initial temperature. 

0’244 _ . - 

y « A.T?fs ** 


^^3 \P2/ 


yzl 

V 


0-173 


041 

41 




i 

m 




0-497 


= 251-5° 0, absolute. 


= ivMTi, E « ^ (0-244-0-173) x 1400 = 99-35. 


15x144x3 noertBii. 
“ - 99-36 X 261-6 “ ’’’ 


Ex. Ciement and Pesormes* determination of y . 


(B.Sc,3934.) 

Air k forced into a vessel 5tted with a thermometer and a pressure gauge. After the 
air funs assumed atmospheric temperature the pressure is 150 lb. per sq. in. ^he vessel 
is then open^ for k very short iim in which the pressure in the vessel fafis to that of the 
.atmosphere, 1# lb. per, aq, to/ When the temperature is again restored to that of the 

.A.. AiiL dbserved to be 29 lb. per sq. in,. Fmd,;fi:om this data, the, 

B'qlajlr. ; 

^fr«3Epan(is 

'v ' ’Vo'' 'vKi- jV '''' ' ' ' 'I - 

. 'V 'VVV":'V. 

V’ jV j'VV' V ' \ 'V' : \ /''' 







pfhi> m/ f /‘ 


’flu?! as^iV. ll'i'- iMi lO lit \ I 1”' i- ’ 

V. h'* 3 M '' 

p t\ / j 

1 

r' ‘ • , ' ' 

■■■;■. ■ 

ft U ? 1 ^ 

i'>v / £ i * 

. , - 
^ iuv 

y - I - 402 . 


f ^ — I 




Ex. Cltniranr«‘ voluim^ fnr a Ditisf'i 

rViltijIaii; tk’ *jr^ «'l*vr ,i. 

hor^*. it il iUy 4 ’' il'H'' 

mi M ‘ h ^,ni hr" (iOH'r, A'-nm- jf?r 
iii'ltiimimtj «4 i- .it l.ilU ]xn ,i| tis*! ^ ’'■' 

nmi ihu lijru' i-v ■>. Uli.tf lafllin ^ | 


'it' 1 5 ? ? 4 


P'lV' '-^'i 

i ■’'? / 

i 1 ' K*. J 

s:n . 
»» 

''V ’ ’V 

1,1 

' :iHn " 


^’jt 

IfiC-t n, ‘’MWPjii ’idufjH* jfud Jfj - 
voluiite: 

T' I i'i*i * f , *’'' 

n K •'> 0 ^ y 

^ 4 ?<: i'll 

' **• t’jf 0 ' 33 lil . I 

' ' S^t ^ BW lb. jmr fti'i, m, 

< , 1 ’ > ’ 5 ' ’ , ’ / 


V Ti, 


1 t ' f 




1 J 

' I 


i; i 


%, 14 
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But 


Expansion of Gases and Ideal Cycles 
^ extra ctioii = pv lb. per min. 


But 

tvhenoe In (4) m (li), 


Intem-atinij. 


dw Y dp 

'it '^JRT lit • 

P 

pv _ T dp 

V p 
?L» 

"MI =F'’ 

^ log, 2 = 0-693 


.(4) 


Collection of valuable formulae that apply to all weights of gases. 

Pjt’i = wBTi, 


irw ’ 2i~W ’ 


(q,-c„) = |. 

Work done. W = 

When ri = I , Tf = p-^ % logg — , 

wliieh is the %v(n'k done on isothermal expansion. 


n ^ y, 


y^l 


whioh is the work done on adiabatic expansiwa, and this valae also represents 
the (‘hang© in mternal energy of the gsus. 

Ex. Work done on ndkibatic compression of a gas mixture* (B.Sc. 193Q,) 

, ) IMae yoinmetrie hbai for a giyen mofehod of heat ad<Htion. The difeenoe between 
the yol|uae|i*ib he^ta ilWjstani'preskir© pd ooi^tant Volimiefor all gases is 1^985., 
' tiel'TOtoy ®onplsd, by the weight of ga# to which these yolnmetrio 

'* ' ' ’ - . 

'Wg inoleoh^.i^ittpeiiMon eerto gas is' Ea,«‘fd4^ 1OS4 « sa.O'r^S, 

0®.to, ,o|f these' oonetituentf.are^ 


'I ■; ' ,'e‘. ^a&es ’^om Ihe fact thht Mj0‘,h in itself hegative. 

‘ 'Ai ^ 4,'. 1 " ' 'V *•■**'’',, ^ ‘ 

/b -f '.‘In' ^ f ' I ^ \ i '■^\' ft^'V * 1 H * *» » '' ' ' { 

i i-I \ ^ M ft t k i ^ f j It VV -V* 1 I .'• r f ■' ^ ‘ 



fij htt\i < tfjifi ^ ' 

H., ^^, an4 <’0, 5JU) <1!.. bVi'J tn** uo^'. p- -r ■' 

fluriii^j <iUiubat3<‘ njiijuF'r-vjfni r*} 

•f tf /i^ 

(A*, - k.i I ^ 


IVi jtiiu] <i! iji 


I JhH . 1 

'■ « . . . ^ V ' '’*■ 

H’ . ' lit 


A, "uM A., ‘ . ] 

A ‘m5{0 4 - o ir- M-iS) K 12 .i:i «u„» 

K, . 544. 

Duriiij? fidiiiboit ir -iun Iht' « on k dyris ■ ?*< Hf|u t'i ?• 1 1 1 ;*» ^'h mV'‘" ;?»* d K‘m 

Pm’ i«ml tho c4iart5;?c in »^fj>’fjjry 

- ■ -- JIHHUr n f . 

flt‘K»’Ci piT'^tfUKtdjUtf til. ft. Ihtt ttY>rk fltiiKr* 

fJilM? ft >|ts i n M 

' ' 9*3ls * ,^'1 


Ex. 'D)m|irmtoii ti»mpi»fiiftiri» iillfwlfij^ for variiiltle sftvcifk liritin. 

Tii(t uiruii v,^iho"of tttij VMhiiiift'iHf tM*vif ut U*fin o tni r. A*? 

i« approxiowfHy IdHH 0‘0i'W»iJl If rsi*yct|;i'o ».;4»>4 «fiT,TtlwtiHi.ilv ^ 

vohmit* nitio of U from m iiutifd of ft"< t^iunv ris,'4 th« ' 

lifiti find ttic^ Imnl of tk* gin. 

Tiw cthttuge in intotoul wrgy jx*r mol f«f pm I A,4A mrr ^h*-^ mri^o vultj. 

* '* 

nkdiicr hwit in thw i» no iwl to nrttimttt* tl%h 

Worl: dmi?3 on ndinWilui tfOiitprt^j^ion -- rinoig*- io 

'■ , , , 

’ \/(y.-.’i) SI -f lA 

MiHil 

y •*'1^ I, ’ T ' 

.^' ,|. ■ ' y,»27ixl6>-*. (3j 

j>_,P>S*'f)'4‘;'{iy,';'- ' ;■ .' - 4-W+fl'OO^x n- .' - 

'^\i!%. .4. .. '.i ^ I '■ A* . * * j — i' *\ -f . ^ - 1 




^ tliil pi'nil '1st tilt' 
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EXAMPLES 


, Isothermal and adiabatic expansions. (Junior Whitworth 1936.) 

Two isothermal expansion lines are drawn for the same quantity of a perfect gas. 
Show that the work done in passing by means of an adiabatic expansion from any 
stated point on one Ime to the other line is a constant quantity. 

Show that the work done in isothermal expansion of a perfect gas is proportional to 
the absolute temperature if the ratio of the expansion is constant. 

Show that tor a given quantity of a perfect gas the ratio of an isothermal expansion 
to carry fciie gas from a point on one given adiabatic expansion line to another given 
adiabatic expansion line is constant. 

2. Weight of gas pressure and temperature at end of compression. 

The specific heats Op and Cp of oxygen are 0*2175 and 0*155 respectively, Calculate 
the weight of 4 cu. ft. of this gas at 20 lb. per sq. in. and 25® C. 

If tliis volume is compressed adiabatically to 1 cu, ft,, what is then its pressure and 
temperature i Ans. 0*4415 lb.; 140*3 lb. per sq. in.; 260° C. 


3. Adiabatic compression of a gas. (B.Sc. Part 1, 1937.) 

Prove that the law of adiabatic expansion for a perfect gas is pvr =* c. If 10 cu. ft. 
of gas are comprcKsed adiabatically from 15 lb. per sq. in. and 16° C. to 1001b, per sq. in., 
caicukte the weight of gas present, the final temperature, and the work done. 


Ch, 0*233; CL « 0*17. 


Ans. 0*788 lb.; 222° 0.; 38,760 ft.-lb. 


4. Compression and cooling of a gas. (B,Sc. 1930.) 

The weight of 4 cu. ft. of a certain gas at 16 lb. per sq. in. and 15° C. is 0*476 lb. If this 
quantity is compressed adiabatically from these initial conditions to a final pressure of 
1 50 lb. per sq. in. when its volume is 0*643 cu. ft., find the work done during compression 
and also the heat which must be abstracted from the gas to cool it at constant volume 
to its original temperature. 

Hint. During adiabatic compression the whole of the applied energy' goes to increase 
the store of interna! energy. Eeducing the temperature to its original' value removes 
this energy, henco heat abstrapted is equal to the work done « 20,370 ft.-lb. 


S. Cbunge in Internal energy during polytropic compression. (I.M.E. 1935.) 



of the cotnprwion curve is 1*36 and the pressure at the end of compression is 500 lb. 
per sq. in. . Fi»d.theohang6,in internal energy dunng compression. 

; 0^«O-23S; 16*35 o.H,ir. . 
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L ijHuisatt) uj (last s aud Ideal Cycles 

I \ I3c U lt*akt* 4 ii to the cj'hnder walls of an air compiessor. 

\ii 1 toiiipK's fi 1 ] 11 h i w tv that the law of eompicssion lb ^ = c The initial 
unl jui 1 If ^ Ilf I) Hid l>o lb pci sq in absolute and the initial tempeiatuio 
< 1 Hid jid lb f»l HI tlu woikdoncincornpiession, thechang.eminteiiialeneigv, 
mfilhi lu tl If tl I f lotlu v\ ilkpcill) ul an compif ssed (6^ = 0 238, 6'„ = 0 lb9 ) 

I ijf n !|] io»if htn Hi f \p iTj'iion iftllon *) the law pi? is 

I, _ Ihh 

— 1 

l\ I h’i'ipdib aud jB = (C'p-C',)7 . (2) 


w-l 


-o ■ 


(see p 49) 


(1) 


(2) m (I) 


1- 

/i>2\ 

n~i 



w 



- 


0 2' 


%bx293 

I 

/15i 

l\li 


0 2 


\15 

■) J 


= - bb,400 It 

-lb 

or 



» 1 ' 


= -47 4chu per IK 


Ih it ifhltd 



y(-. 17 4) =-2413 


( Hi ii idflf f* U fiik dfiiH ) = (1i ince in e l. 


= +23 27 0 H 17 


h\. Leak horn ail air vessel. (BSo 1934) 

\n in Vi I ol 2 i u it < ip ttity was pumped up with an, and at the end ol the 
punijun * iipt laliim li showid a piissuie of 1100 lb per sq m aud a temperature of 
t M 'ilu t u i hi It t ook f I to the atmospheno tempeiatuie 15° 0 , altei which leakage 
i>i I ui II <l flow n to 300 lb p< i sq m , when the leak was stopped, the tempeiatuie of the 
Hr flu n bulled ( 

1 iiid {u} how iinKh heal was lost by all the an in the vessel after pumpmg, but before 
h ik tiii begin, and (/>} luiw much heat was lost or gamed durmg leakage by the air 
H nuHinnj m tin v< ssi*), assuming the index ol expansion of the an duiing leakage to 
hi ioii'-titnl (if Oh It -1b pei 

/),«, =■ WiMfi, 

. . , 1 1 J 00 xI 44 x.^ 

=.,0xr27S+*) 

Heat lent b^ an pimr to leakage = 0 17 x 10 42(44—15) = 51*3 c h.u. 

'i’he eilott of the leak w equivalent to imagmmg tho vessel extended, and its end 
by a pmton which will do mechanical work equal to the energy expended in 
m olmtmg the air through the leak. When the pressui e has been dropped to 300 lb per 
sq. m* at S° C the motion of tho piston is stopped and the oisiginal volume of 2 cu ft. is 
isolated by means of a diaphragm. 



OJ Lipfut^ion of ita^f s aaii hUn\ ('ijchs 

y > Oiui tift < onindfv \u 1 nt fli uridil.ori t^ut 
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Thi V(MkfU»U» 




J lou 

Ji-1 

» 


JSS 

117 


moo lb p 1 '^q ill 




lt>i 


JOUO 


,ioo 

•. n ] tU?. 

/h^i . nHi'i\-T ) 


v^\ 


rf ~1 


it Ah 


__10 U> %/2SH~.>70v 
00,17 ‘ UtiO I 

<1i in 'I ni intf rn ihn< 4 '^s it 17 / 10 12(0 - 1.“») 
Up it luaud - Uinkiloiu* f (lidnui mil. 


ill S( u rr. 

~ il 2r> 

« 210-55 ( H rr 


I 

Vnhimt* at llw t ud nl axpait-'inn - 2 j ' ~ t> I (u it 

Thr duphwuJn i^oLiii 2 ( ii ft ot tlm toJuniu 
Heat i<*ew imI hj the gas o*m,auing m the vi ssel 

/-r X 2i0*55 -a 65*8 o,H.tr, 
t) 1 


Ex, Heat produced by after burnings aud heat loss to the jacket ^vater in a Diesel 
engine* (B.h(*) 

Gntu Ik* stroke of a ihesel uigme a^ 105 in , the lx>ie as 0-5 in, and tk* tom* 
prcssion lAtio 14» aiifi making use ot the uakator diagram aho^vii m ij'ig* ii>, tind how 
niaeh the heat piorluml by after bui mng woods the lubs to tho jatfcet between points 
0 and if* (Ojj ** 0*25.1, T,, ^ 0-185, Weight of ihaige «= 0 041 Ib.) 

Swept volume -- ^ x « 0-2013 eu, ft. 


This IS represented by 1*H4 in. on the^toam. 


.% n!a.onth6diar o represents » 0*1092 eu* ft< 


I' 



0-1 fl5 

m 

Yoinme ai a -« 0*S2i5 k 0*1092 » 0* W2 on, tk 
0-141Sv 

M m iMixWw w H1B oou a, 

J 
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B i pa nsi on of GascH and Ideal Cycles 
If the exjunsiou c uive is icxiieaeiited by = c, then 

333 y 0 32 J5» « 40 4 x 1 6215”, 


wlicncf 


/t = 1 *3 and 


(l•26o 

'^~0183 


1378. 


The net heat iidded to (lit gas the he it supply due to aftei burning minus the 
jacket loss 

bat heat added = j x Woik done. 

Work done =. (333 x 0 0352 -40 4 x 0 178), 

' 1400 X 0-3 

~ 1 55 o H x; 

/. Not heat added = x 1 55 « 0 32 o ntr. 



BXAMPlkBS 

(I.MK 1934.) 

1. Agasejcpamlsttceoidmgtothekwjfi??” «c lipufiiaretheimtialprossureandyolume 
respectively and f la the ratio of exiiansioa, showihat the work done by the gas during 
the change k equal to 

and that the heat received is 


(y~n\ 3J,3 / 

1 \ 


' r«-^j 


whete y is the ratio of speoido heats of the gas, 

IJxpiaiE vrby the above formulae fail in the case of isotheimal expansion and write 
down the oorreet expressionfi ibr this (swse,* 

* The meomng on p* 50 shows that they do not fail. 


PihU i\ 



2. Compression of air. i(sr* I,iD30) 

OiH* < ul)K ii>o( o1 air . 1 ! a of 1-J ll», per '(i m .ual 3- is to 

ffOjh, pel M( in. ThiM-niiipo^sion -rhalut ?■, (’.ilfulate («j the ^oliiinnaiid 

U‘oi]if‘iytiire td ihe air at ibc eitfl of* oinpo'-'ioa. 165 the i,u»rk douc in ruin pi e^Hfio the 
air. (t'l tlRM'h.'UiiK* ui Us jiiter 5 iaU‘fiur'a\ .an4(f/ifh'4juar ha?’Ln«fJ ihruiiirh ihr«niuKier 
uaiiv p --i 1-3SM}. /C?w. rn ii., ,‘{d<KML4lj.f lifu t‘; I ’tfn, r.iur. 

3. Expansion of a t»as. ( i}.8c, ilfSO.) 

The voiiitne orriiphu] fjy I'^nnufa rmain aas ifi 24 m.ft.at a pre«isurei)f per 

vp in. and expaiifiion f.ikrH pin r oi a r) jmder fruiri tlu> rnmiii ifio to a tinal p? entire of 
40 lb. per sfj, in., tu tlu* hm pr'^ - c. Thu lumprrataiu* td'l Ik* s^as is theriiouml 

to be 103'' (*. Fittfi the rhantjr in interna! enoriry of t he anri tlio heal tassiii^jf thmudi 
thecylinder wailri/rhoKpr^uifip heat sfoi the ronstant. piV'^.sn re and const a iii volume 

are0'2i I and 0*16“> respectively. -82*2, “”28*0 (J.h.u, 

(B.Sc. Barb 11, 1037.), ^ 

4. A poia expands iijrainsl a rc^istanc'i* from an inilird pri^ssura p^ and vohiino >»| to final i 
coiidiiton.s p,^, r., aecording to the law e. Deriui csp!vs«iotis for tho work done , ' 
by the |faM and flu* beat suppht il thirlng the expansion. 

Twenty enbu; feei of air an* coinprosod from hi to 120 ib, per iu. iO'or»r<|inu the 
law c. < alciduto the work ilone dnrinj^ compiacsi ioti aiui the quantify of heat 

i-f'ceived or dtseharped by the t^as, .statiiw which it U. 

.Ew. iSth2Wfi.4h.; -23*11 c.ir.i**, discharged. 

5^ Rejcctioa of heat by a diutomic 

i hie I'lourid of diatoinia gas, a rnolecnlanifighi of 1 4, h Ui be compressed from ' 
14*7 lb, per sq. irt. ti? 200 lb, per sq. in, absoluto. The temperature at the md of eom^ ' 
prtmuu must not exceed lOCE 0. and the initial fernperature is 13 ’ C. flow much heat ' 
iitusi be abstracted fmm the ga.s liitring cuitipres^iou f Am, lihi o.e.i;. ' 

6. itet n»jectiaii(. on compression* (Ii8e. Fart If, 1030.) ; 

. An air eoittpreasur dealn \s Ith 200 cu. ft. of fwi* air fw luiu., the atinospherio pfes.stir^ ’ “ 
and tonpemture being bt'i lb. |)4^r sq, in. and ami the delivery preHsum 120,1b.. > 
|ww sq. m. The temfierutiini at thie beginnbig of compre-ishm is 30* C. and The* pressure,} 
at 14 ib.>per sq, im Find, from iirst principies, the quimtiiy of lu'at, in rs.mtf. 

^vi*n 1b jthu <iy, finder during thb first part of the, compqxsslon stroke, up to the 
where'Seltvcry bhgiius: ' ' \ ^ 

. .t, (# 1 ) Wlien'theeati3tpre^idn%is<if:^mal' , ’ ^ ' !*# 

^ i '(b) Wh«n4be kdeiE of compre^mi k * * Am, 070, 2^ 











... 4 

■ . TWv'a-Ri^ I 

^4^ 




' j-j/i 







fJ) Durin" o* i.*". tn' totlte 

ijiif lujit. ot 1 "^' '■'iH*'^ 1 4 ','] iSit' In: < 

UA‘(i n*H{«''i'lin 7 hvil *>' 

fctiS 

(.T-/^; ^S-iv 4 . tM ;h' “ ■' *i. - f ,4 viUvv ihiih f^rf^rke 

, ^/fjj('ds 4 nifi' i>K > * c , . ; . . -i 

If V (-HMii *-i Mf < ^ i! ' ‘ . Ml- -,‘t * [hsmi;, inr M?nv( 3 rti{i« 


u ?tj-/ti Uf';. -M n M. 'jiMi! h-ri,|»’rvduu'/j'k ; 

3 . Expansion of :iM(>, ,■ ‘Miu,. ‘. j t hr I* vt»{ rti ilu-v^lom^e ; 

TliP voiuiiH' «h‘cu|iu '3 by '[ 

i,u»n,U.vpau>i-ml,,k;sj,l,i^ ,,, , , Huiii, «itl,. ! 

to hi*, lo;r (h Euid ibo rhaoiii^ In ^ ****^‘^^*doy tdheat ; 

ihooyluulfTwallft/rhoHpodticitoutsfijrtWk. ho- ’* drJiu iJuirHy ^'omplrndviith, , 
artMkli and 0 *i<ir> w.^uH‘i[w\y, ‘ , n u--on«ji'o.iifr/' dirtoronw nmt ' 

{ t{s 5,14 ui*;. it\ rT»rn o na»*b‘iatC' speed, ; 

, , , . , . , < 'mL tinallv ouiM^upply ol boat iijustof ! 

4 . AyasoxpandsagamstaroHihiaijrtnmmi i 

coriditiom pg, % {iotjurdini? to ibo !a% ' 

by tha tma HUfl tlic iieai suppivid dui'in^ tho 1 

Tuvnty mbif fV'Ot of air aro (‘om|irf‘,«,Ki*<i fjC \ I 

liHv' = C. Oliculafd the w.irk (kmit (lu,H <.<,nv,.rt«i into 

mviveij or rtorhara'O by !!>« K«i, j,, 

5*» . M Irt ■» * 


- jjK" UfokHs;i Hnid. uitli- 


5. Rejoctlan of htjat by a diatomic gas,< W 

Ouo jKrtiruJ of dmtoniio^m^ having a indtf 
14’7 ib» ]«*r M(p in. tb W lb, ptu* H#p in. a? 
presHioii tuast not oxvnt*#! HJir C. and thei | 
must lui abhtfaotcd fmin th« gas 

b. Heat rejection on compresaiOR* 

An air t'Ompwor doak with Sibil <;u. if^ ■ . 
and tmperatuTe beii>g 14*1 ib* pnr stp ' 
por srp in. The tcinfiomtaro at the N 
at MIKperaip in, Findi frotn first prii ^ 
given to cylinder duHiig the dmt | ^ > 


HUp|»lied k converted into 
dii be mnph^yi'd in any engine 
.ijnneiit of power, however, a 
An adiahatic 
. on i i miisierenetf of ia;at and 


'4, dtoeovercff a heat engine 
lio bigbost posaibb ihennal 

\i ' _ 

owifch a irntfeetly iVw bat 
* ,g fluid (mss 1%. llj. 

^xi&rml souitce flows at 
/'■''"perfectly oondRotiisg gaei 

drpp-lbm to is 
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will the iiiterual energy change. 

Heal added ~ Work done = i>i*^ilog^,fp 
whore = [sotherinai expansion ratio Vjli'i ' ; 

Heat rejected = iJgVgloggrg, 
where = Isothernial comjjression ratio 1^3/ 



I fj * ' , * ' ' 

Since the tklblbatie !oiieratiians are responsible for the temperature eleyation 
' .^^deprip^sibn;iiif pliTious ibat. these wjE control the ;yalue of and if, the oycle 
Wteied; toiozm a closed curve. ' ' 
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With thi^ simjiliticatinn thn thermal dhaiein-y #/ t»t the (Vinmt eydCj 
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Hhm* r is the r^tie <d' 4irlhi.batie expHHduii ttmJ enin|»res>h)n. 

This dfKneuey skIW become iitiilj' only when % is ?.crtt, hut of it can h 
ineinrsffl hy makittg 7j r^ery large corti|u«'erl with 
lii practice 71 Is controlled by tho properties of the inftk*rial>s aTaiiahIo for the 
oonsiruefcion of the (‘rigints and, In roeiproeatiiig cmglncjs, tho ability to 
hibiieate the pistiin. 7!j is fixed by the t4‘m|ierat«re of the natnra! sink in which 
the heat is rejeetcid. FoCj e.g. the sm, a vm^r (U' \ hv atmosphere. It should he 
observed that h iiKic|jen<kH(: of the w'orking Iluid. 

To show that no ongino moy have a higher thermal efficiency, Imagms 
two f^rnot engines medtaiiically coupled and plaei*d back ir) back (scic Fig, U) 
and that the forward engine k about to move from the point 1 , the eomtspoucling 
position of the i*6ver.sed engine being I \ 

Fur the cKpaiiisicin stroke the ibrwartl engine reriuires an ainttunt of hmt 
atf wii% log^r^ but p» the compression stroke the reverHed engme has exactly this 
amount, to riispose of; hence all that we need for the transforenye of this heat k a 
|ierifect heat-eouduethig Huld and a |jeriet*t heat-eoiicliuding cylinder end. 

Hie adiabatic operations yan^l each other, a non-eonducting cylinder end 


pi the.wtent log^r, the ro^ersed engine is in nW of it to overeome 


iri Ins* Tbdoyele of oj^aMons l«, therefore ^1f«eoiitainad; and Ih tt^, 
of this description should' xan 
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on this cycle, more power would be developed than required by the reversed 
engine, and this surplus power would be available for external work. 

Thus we would have power developed without the expenditure of fuel, and in 
a world where it is impossible to get something for nothing, the notion is absurd. 

Although the Carnot cycle furnishes a criterion for other heat engines, yet no 
engine has ever been built to work on this cycle, since the available energy over 
a practical temperature range is so small,^ and the events of the cycle are 
difficult to control. 



In the author’s eoaeeption of the cycle (see Fig. 17) heat is received direct from 
the sun, and rejected to arctic regions. 

Dr Diesel endeavoured to construct an engine operating on this cycle, but 
finally abandoned it in favour of his own cycle. 

Ex. Oarnot cjrcle. 

, A peiiect'heat engine works on the Carnot cycle between 1000®' and 200® C. If this 





'<■'1 . C‘ C:. ■ ^ vi'ir I' ',v' ■, 

’■ ("v i’, . I ; F w7'’ r " . ' ' 'i ^ , . 

, un, f*' TiiAV-'L Wl. 




/ f >tt ^ i f ' 


/ 


f 


TO 




! \ t auut t u U 

H i 5 I Ult i U I 1 ( tf < 1 » t f ' IMi H! 

Itll! li ^ 1 in } r ! f ( 1 I f I ! If ? ) 1 f U 1 M 

J I )} <ht W JiO ^ i t« , } < 

f j I I i 1 < « 1 I * * 

( ! f n I t 5 » 1 

I » )ltt li* 1 r t M Ml t I i [» 1 j t \ t w 

^ , /t/, hM ^ ( f f 

{ i / t { I i / 

/. H { , I m\ 1 ( ‘‘T I 


r< I ri. I uliiu* I ii ‘kii f» 1 H 

I 


« 


‘»7 i jf»i »» » 
Mui !U 
♦f 1 617 ti 


n » /» 


If , 




%».u 


ft 


lOUlIf |iu »j in 


^o} tl*f 1*11 16 If If f v|jiu II fi 


'r 




f 

> 


J(f'> ud 

» *6 jlj jj r 


} 1*^ 


Fni tl«‘ nhifafiv 

P, {i 0i |sji» 0 9«5<n It. 

For tliv ^fr< ^ wc* h»a<‘ 

T 

h 

f'l ,i2W)>ii «Kll..]«is.i in 

• nHl 





lf»)« 

m 


21-85 » 


II 


StlrHag’s cyde. 

In 1817 ttie ]^ir. Btirfing^ kventiMl a pmrtj{‘ai ongitm {umnjg; air as the 
wrMpg Add) wliioh, wonld give an efficiency as great as that of 
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Stiiliui, usL(l cl If ^ciieicitoi loi the temporary stoia^e of heat, the operation ot 
Mhuhma> he iles( nhcd is lollops 

Suppose we ha\e a thuk pack of hue copper gauze (Fig 20), so specified that 
its dimensions and foaducti\c jiioyieities will allow it to follow rapid theinial 
changes and tliiough this gaiwe the woiking fluid, oiiginally at TJl, is caused 
to How 

J 11 1 lassi ng 0 V c 1 1 he fi 1 st la\ ei of gauze the temperature w ill fall bv J T, o yer the 
sec Olid la\ ei In n er pial amount and so on until ultimately the temperature is 
1 ei sal of How levei ses t he lu atmg pi occss, so heie we have a graduated method 
of htaiing, whi< h, in the stiirt seiitse of the woid, is leveisible 




Tj Tt-2AT Tji+ZAT 

Fig 20 


After isothermal expansion, during winch heat was supplied from an external 
source, the an used iii Stirling’s engine was passed from left to nght through the 
legenerator, and in this way its temperature was lowered (at constant volume) 
to 

Tsot hernial compression, with rejection of h^at to a sink, now followed, and 
finally tlie reversed passage of the au through the regenerator restored the 
temperature to 

Hinoo the legoneiator operations cancel each other, the ideal efficiency of this 
cycle is identical with that of the Carnot. 

Ex, Stifling engine. 

In 1 845 a hot ak engine, operatii^ on the Stirling cycle, was used in a Dundee foundry, 

■ where it developed 50 for a fuel consumption of 1*7 lb per i.h p per hour and 
j 2*7 Ib, per B.H.P, per hour. The workmg temperatures were 660* and 150*F , and the 

it 
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The Joule air engine* 

In common 'vyith some other types of hot air engines, this engine (shown in 
Fig. 21) consists of a heater and a cooler, an expansion cylinder and a com- 
pression cylinder. The volumes of the heater and the cooler are so great that the 
pressure in them remains sensibly constant when the engine is working. 

Wiien operating, the expansion cylinder takes in a volume ah at pressure 
and expands this adialjatically to pg? ihe volume cd is then rejected at constant 
pressure to the cooler, which causes the volume to contract to de, and in con- 
sequence the compressor cylinder is of smaller bore than the expansion cylinder. 

Simultaneously with these operations the compressor takes an equal weight of 
air from the cooler, and compresses it adiabatioally to pressure Pi, at which 
pressure the aii* is discharged to the heater. 

Supeniosing the indicator diagram ^Reception of Heat 

on a volume base gives the net area beef. 

From this diagram the net heat a 
received per lb. of working fluid u 

I 

and that rejected - ~ whence £ 

the efficiency 


m 

wm 


AniABATICf 


w-2/) 

(T„-3\ 


Volume 


Rejectiom of Heat 


Fig, 22. Indicator diagram for a complete 
Joule air engine. 


Further, since expansion and compression ratios are equal, 

m fp ^ ^ 


from this 


By (2) in (1), 


m m 


i\y-r^ 


*«fhioh is the, same. efficiency as the, Carnot and Otto cycles reckoned on the 
' ' a^hatic <k)mpres4eh btitit is inferior to, the Carnot^ because % is not the 

"'v' lowest'lieppetatteih, thb'hydfe» Carnot efficiency would be X ^ . 

''-'r; !: ' „ this engine^wasdh its reversed . 
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Expansion of s and Jdial (\ffrltn 


Otto cycle. 

In (]e rn>r|j;},.s fi(-si‘rilic(i ;i cv^Ip on whit h moht fHo-ifiit'day iia-s and 

|)(-*iroIf;i!^‘im*,snjHn‘alo. In [nnotifal rnrttiljiist'yole uaNintiofiufod by I Kiniti lS7(j. ! 

Assumptions: A,s m the f*rLWi(UK«>H(N. .nssume timf the uorkifie fluid !•> 
a (having; fniiM.unl Npooifif' luNafn) auti tletl this iiaH i?> je*! ^u]tjer*ted 

to chemitMl actitui. un<l inay tlieicroit' he tu-eti tner ufni ftu'r a;2:tin, htdn*: ttUTcdv 
hojittni aiul (Mjelrtl it) jirodnoe power The further ur-«ainipt ion,'. ,ire llutt the ideal I 

indiwittu* dia,LU'«.m i*, •'tdtitiv iollnued Ij o we luerelv have etuiispuit stdume and i 

adkljulit’ t?j)emti()ns) and that heut l<J^se^» iire sufipn'ssed. \ 

I n pnit'tK'o ohenuea! u<‘tion eauses very roni jdex } u essure ai t< 1 votiune ehanecs, | 
and impcM’fwtirms in tiie workini^ fluid nevei alhn^ the ideal cdTiekuiev to be [ 
attained . However, the idiml eyele aets us a i*rit icnl basts of analyf»i^., u mi eun&Lsts i 
uffhe fodowifi^ oper.it J<ms: 

(1) Adiabatie euuipftwsiou, [ 

|2) Heatiiitf at eonstant vohiiiie. f 

(rJ) Adiabatic expaitsion, ; 

(d) Hejeetion of heat at- mmtmil volume. j 
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Hence taking out and as common factors in (1), we have 

= 1 

which by (2) and (3) reduces to 

, = or . 

In this result it should be observed that T.^ is not the highest temperature in 
the cycle, and therefore the efficiency is less than the Carnot, which, for the 
temperature range obtaining, would be 1 — TJT^: 

The result shows that high thermal efficiency can only be obtained with large 
compi’ession ratios, and the smaller the difference between and the more 
closely is the Carnot efficiency approached, but at the expense of a reduction 
in power, 

Taking y as 1*4 (the ratio of specific heats of air), the value of y is known as the 
Air standard efficiency (a.s.e.) of the engine, an efficiency which is most 
sensitive to changes in r when r has a low value. Raising r from 2 to 4 improves 
ifj from 0*24 and 0*424; on the other hand, doubling the compression ratio from 
10 to 20 only increases rj from 0*6 to 0*696. 

Ex. Otto cycle. (Inst. Mech. 1926.) 

Establiah an expression for the air standard efficiency of an engine working on the 
Otto cycle. If an engine working on this cycle has its compression ratio raised from 5 
to 6, find the percentage increase in efficiency. 

Air standard efficiency « 1 ~ 
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The other operations being adiabatic, there is no transfer of heat; whence the 
efficiency of an engine, which merely expands and contracts air without any 
chemical action, is given by 

■ m 

gM-^J 

In practice pressures and volumes are more readily measured than fluctuating 
temperatures, so that i] is usually expressed in terms of and . 

Let ?! be the compression ratio = — . Let rg be the expansion ratio ==— . 

Then -3 = and ^ = rr^; (2) 

■^1 J -4 

also , and (since -p^) this becomes 

U-ty J. ^ 

= (3) 

Now in order to express (1) in terms of and y we must eliminate T by 
expressing ail the temperatures in terms of one, say thus; 


By (2) and (3), 


= T^rl 


-1^3 


The dodge to express in terms of and fg is to write as 
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Substituting the values of T in (1) and writing CJC„ « y, we have 
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To sliou that fur tht same compression ratio, the Otto c>cle is more 
efficient than the Diesel. 
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Ex. A Diesel engine has a conipresaion ratio of 14 and cut off takes place at 6 % of 
the stroke Find the a.s.e. 


Eeferring to Fig. 24, 


i.e. 


VljOo — l 


= 0-06, 


- 0'06. 


But from p. 77, 
hence 


«2 % ^2 h* 

0-06. 


ri/V2=] +0-06(14-1) = 1-78, 

The dual combustion cycle. 

In order to allow more time for the combustion of the fuel in a Diesel engine, 
without adversely affecting the efficiency, it 
is often arranged, in engines of moderate 
power, for the injection of the fuel to commence 
before the end of the compression stroke; so that 
combustion proceeds partly at constant volume 
and partly at approximately constant pressure, 
the proportions depending on the injection P\ 
setting, engine speed, and rate of combustion. 

Consider one lb. of working fluid having 
constant specific heats; then, from Kg. 25, 

‘ Heat added at constant volume = €^{Tq - 
Heat added at constant pressure « 

Heat rejected at constant volume 0„(2g-- 3\). 

The oMcimwy 



Fig. 25. The dual oombustioii oycle. 
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Operation of the Humphrey’ pump* 


Tho diumher A in Flu:. 2fi tm exploHhx* trhargit timt h flwi by an 

ekiJtrF^.spark. Tiio pressure d«v«lo|H’4l by 


the expiosiuri driven Iho water tliroagh 
the delivery pipe with HUfh violence that 
the motion of the water eontinnes after 
the expkmive pressure falls below atuio-' 
spheric.' 

The direct Tcmilt of this redoetioB In 
pressTO m to open the exhaust valve, and 
to cause water to how ink) chamber B 
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I. Carnot cycle. EXAMPLES (B.So.l931.) 

Prove that a heat engine working on the Carnot cycle between given temperature 
limits is the most efficient of all heat engines working between these limits. 

Sketch to scale the pv diagram ol an engine working on the Carnot cycle between 
temperature limits 500*’ and 300° C. absolute, if the highest pressure m the cycle is 
200 lb. per sq. in. and the least volume is 0-1 cu. ft. and maximum volume 1 cu. ft. 
Write down the pressure and volume at the end of each operation. 

Ans, Volumes: 0*1, 0-2793, 1-0, 0-358. Pressures: 200, 71-6, 12, 33- 5. 


2, Reversibility and the Carnot cycle. Ideal fluid. (B.Sc. 1935.) 

What do you understand by the term reversibility when used in the thermodynamic 
sense? 

' Prove that the efficiency of an engine working on a reversible cycle between tem- 

T —T 

peratures and is equal to and show that no engine can be more efficient 

than this when working over the same temperature range. 

What properties of a working fluid operating on the Rankine cycle will permit the 
efficiency to approach that of the Carnot? Ans. See p. 178* 


3. Stirling atid Joule engines. 

Compare the efficiency of a Stirling engine which works between temperature limits 
of 400° and 60° C. with a Joule air engine in which adiabatic compression elevates the 
temperature from 50° to 400° C. 

Ans. Efficiency of Stirling, 52 % . Efficiency of Joule, 62 %. 


4. Gas engine. (B.Sc. 1924.) 

The jjressttres at and | of the compression stroke of a gas engine are 13 and 67 lb. 

per sq. in. Assuming a compression law of s c, find the compression ratio of the 
engine. 

Calculate the ideal efficiency of the engine and find the gas consumption per x.h.p. 
hour if the relative efficiency is 0-5. The calorific value of the gas is 280 C.H.tr. per ou, ft. 

Ans. 5*9; 61*3%; 19-68 cu. ft, per hr. 

5. Ottn cycle. 

A gas engine working on the Otto cycle has a cylinder diameter 7 in. and stroke 10 in* 
The clearaiioe volume is 90 cu. in. Find the air standard efficiency of this engine. 

' Ans. 48*6%. 


6. Show that for a given compression ratio the Diesel cycle is less efficient than the 

Otto cycle. , . • - 

This being so, explain why the Diesel engine in practice is able to show a higher 
efficiency. ' . ' ^ > ' ' 



(Lppdon B.Sc. 1924.) 
cur ve- of a Diesel engine are found to be 


|34 lb. per sq.m.’ ' 

" I ^ n " f ‘ ’ I* -v. I V ? r ' 1' j ^ ' <4, i' ' *V*. if ■* » ^ ' i ‘ j 
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S. Variation uf Diesel uleal cycle. {U Sr-. lf^24.) 

Tfie rylm ol the wMeht itl’a??' f o iuel tcj i* Diesel tivinie !■>, *>(i. The nil hana 

f.v. of 9(Jf )(!('. it. i |itn’ in. 1lie tcuiperaf me oi the .or m< the hej/iurtia '4 oi fonipresHionis 
2ff V>. aat! the o u. ^ U Whai n i hv 1 1stM nftmai t ttieiotifv of an eitj/ute if it. i.s a.'Jsumed 
that the lu^af !“< pifniueed inrl -opphed at ouiMtaiit jue-.Miio and that the working 
iinhst.mao iauu ^ ~ -^Udh'.t) dn.%% 

1 

Dual comhustion cjcle. (I.M.E.) I 

8hou that an (‘name ’luakniLf on the dnal eomhustton oyt h*, aijfi ti.oim ideal air aa a [< 
orkiiiU fluid, hah! an oflieieriey given by 1' 

fhr ‘r 

\rf L(^-“lH*7^d/>-lL 

' I 

where r ^ ('ompres.«ifjn rat io* os s fxploitiiai raiio, p ^ cut oil, y nd io of specific heats, i 

( 

!0. Dual combustifin cycle. (Whitworth M3,) j 

Air at a pmmw of 1,1 1b, |K;r sq. in. and tmiiiuTUturn D. k draw n into a cylmder, I 
it iH then compresded to j oi its pntvimis vohinie. Heat m then given to It, at eonstaitfc f 
volume, until iM prohsuie is donhied, mwl then at t'oitstant pr^NHiirf' for J of piston | 
.‘rtroke. 1.V air In then »}X|Knidefi admhati«d!,v to the luid of the stroke, i.e. until the I 
orfginnl voltiiue k restelusl, l%d the temjfjemtur^* of the air at the end of expaR'sioa | 
and the etttcie«<‘y of the nyeli!. (Spe-eifie lieitts, 024 and 0*17.) Au^. 4H%, | 

1 1. Dual cc)mt»usth»t cycle. 1040,) f 

The ideal eyeie of «n engine iiuiy be ftShuiued t<* eoiiskt of (i) adinbatio eoiuprwion, | 
(ti) (‘OHslant voUim«» heat uddition, (iii) constant pivKsure li(?at udditifui, (iv) adialjatie f 
expiimioii, (v) eoiwtunt volume heat m|oeik»n to th«' iiutiul teniijeritiuro, | 

Foe nn eiigimi operating on this <‘yele, tla* compression ratio k 10: 1 and the initial | 
proftstite and kinperattms are 14 Hu lair sc| Jn. and it>(T restw^clively. If tlie maxiniHm ^ 

pressure k iimitei to ItHjO ih, pi‘r mp ni,| and the heat supplied |ic^r flu of air k 400 r.H.n,, ^ 
tintermine the ideid air aUnckrd ofliHeUey. Am. | 

13. Special cycle®, '' ' (B.Se, 1931) 

, The cyele of an engine consists of thrw stages: an iaothernmi er»n|ire^ion, aniftcsrcasa f ' 
of pi^ure atcoRsta-ntyohiiho, and ait adifthaHeexpamiion, if r is tlio mtia of expansion f 
and coihprosaion, show that the efllekncy k . 

•. ', .y- 

' . fs a napjdtod kt id.tti. per kg. in. and 27° C. B«d eomjjreoied te 
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(B So. 1930.) 

14. Piiicl the ideal efficiency of the following air engine cycle: Air is compressed 
adiabatically from 15 lb. per sq. in. and 80° C through a compression ratio of 5, heat 
is added at constant volume until the pressure is 500 lb. per sq. in.; the charge then 
expands adiabatically to 15 lb. per sq. in. and finally is brought back to its original 
state by rejecting heat at constant pressure. Assume the specific heat at constant 
volume is constant and = 0'1C9 and y = 1*4. 

Compare this efficiency with that of the Otto cycle having the same compression ratio. 

57-5%; 47-5%. 


(B.Sc. 1937.) 

15. In an internal combustion engine cycle, the heat is all supplied at constant volume, 
compression and expan.sion are adiabatic, and the expansion is continued until the 
pressure is reduced to that at the beginning of compression. Sketch this cycle on the 
pressure- volume diagram, and (’ompare it with the diagram for the Otto or constant 
volume cycle, for the same charge weight, the same compression ratio, and the same 
heat supply. 

The efficiency of the extended expansion cycle is represented by the expression 
, where r is the ratio of volumes before and after compression, 

HP 

a is the ratio of the pressure after and before the addition of heat, and y is the ratio of 
the specific heats at constant pressure and constant volume. Find for a case where 
f =B 6; a ~ 2’5; y « i'4: 

(i) the ratio of the work done in the two cycle.9 for the same charge weight; 

(ii) the ratio of the cylinder volumes for the two cycles. 

A71S, (i) 51-2%; (ii) 67*9%. 


1 

ry~i _ a-1 


(B.So, 1935.) 


16. An early type of gas engine worked on the following pressure- volume cycle. The 
"‘combustion” volume was filled with the eaiplosive mixture at atmospheric pressure, 
16 lb. per sq. in. and at IT C.; this charge was ignited, combustion taking place at 
constant volume; expansion then took place adiabatically do'sm to atmospheric pres- 
' sure, and was followed by exhaust at atmospheric pressure. Show this cycle for 1 lb. of 
mixture, (a) as a pressure* volume diagram, (6) as a temperature-entropy diagram, giving 
the values at the ends of the stages,, for the case where the expansion ratio is 3 to 1, 
{ = 0'238 and =' 0* 17 throughout for the working substance.) 

Am. At end of ^ition, 69*8 Ib. per sq. in. ; 16^° 0. absolute. At end of expansion, 
j> s® 16 lb, per sq. in.; 1046® C. absolute. Change in 0*261. , ^ 




I'ilAPTKJ: V 

TUK TiIF.OlJV AXJ) FFACTirH i)V AHi 
{’oMPHKssuHs AXi> OF AIK iurrops 

Compresfevd air. 

Tfuil !iir nboulfl lie ti» Im* ujiain rather 

bif} tor t^nmv coriipriv^^rd ;dr ><» aiJiiiy advantages 

over other ineiliods of power transniih^ifni that It has c-tfirttii.'-hod itself i«or*iirely 
aganjHt all rival'^. whilnl m Nune fhJdw it sia.!idh alone. To tnoution but a few 
jairporff’s ff»r wbivh eonipr<N<5oti nir Is emploved : 

{!) liB mining for operating linoumarie drills, pb-kh, spade.,, ou;., baidage, 
pninpB, nuAor generators, drill sliartionm, efj,d 
(2/ In engltiming toriipenaino bafnineis, hoists, tube 

Msders. paint ^pra>er,s, ehtjek?;, fdie drivers, iuvl atofnfe-ers. blast feirnaites, 
torpedfics, etr., Bes'^emei' eoiiverlers, Martha^ i.c. eiioines, siipei'ebar.idn", 

(.1) 111 iJeneral ibr pneuinafie tyres, pnesnnatn; tubes for ronveyanee of 
messayoH. lift yafes, Mtjtild air and wfairatiott {d‘yase?t, air lilt pumps. o(impit!ssioii 
ofliylitiny yiis, ylass blovung, air <kdi pfds, 

Qf all the applicaiioas oited that t>f iidrdiip is the most importniit, sinee com* 
presHC'd air alhms the ore body to lip attavJo'd at many point* wdlhotit any 
danger'* -or ehanye front Bteam ef|«ipment. Tfa* exhaust air also voufilaies the 
workings -an imporUint mnsiderathm when driving a tunnel, and great power 
and s|jeetl variiition arn ithfainabk frmn robiisti ami mmpJo plant. 

Classliefttlon 0t compressors. 

Gas or air eompworH may be dkidotl Into two main ehnistts: reeiproeating 
and rotary, WItli the exreidkm of' the vtdvo gear a reeipromting umapresser 
r«>mbie$ yery elpselyThe nieehiinktn of a etetiin or internal eotiibuation engine, 
whilst rotary 'ooippre^m are akin in rotary pomps. ' 

'' €ompre^om''a:hseh are ©mplo|c^l to _ produce a wnmp are ‘known as 'Mr 
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Bv the wk toe .n "!> 

compressiow-is iiCueialK ,i„. . q.m.,then 

comprises intotioii. .-ni.il'i '- -mi ,'x 33 , 000 , 
index », in the e.Mne-M.u, p- i , ^ 

.Lq i m M il " H•~' lll I T 'S f ^ 

Fv 


rn 

Work Dome^^ 
ON Delivery Px t'z 


Work Oom£“ 

ON Suctjon p,i^ 


1Q5%36 

7r/4 


^11*58 in. 


fq/'rnsfi-’f'A' 

p}>' t 




2-5 ft. 


index n. 


of work immediately after 


com- 



an internal combustion engine— the actual 
l^usife any increase in internal energy due to n 
^eonTerted into mechanical work on expansion, 
sssed with a view to transmitting power, and 
taken against radiation some of the internal 
ig compression will be lost. For this reason then — apart 
troubles that attend high temperatures — ^it is very desirable to 
thermally, for which n^l. 

lermal efficiency (or compression efficiency). 

i© performance of an actual reciprocating compressor is expressed by the ratio 

Isothermal work 
^ Indicated work ’ 

' is known as the Isothermal efficiency, the isothermal work being 
by 

Pi®iioai^. 

Fl 

^ ' ' 

^fier© Vi is the volume of free air delivered, i.e. the delivered air reduced to 

^ pressure and temperature, not ike voluipe swept put by the piston. 

I^e indicated work must be obtained from indicator diagrams unless the 
factor can be estimated from experience with similar machines. , 
ip many pompr^sabi^s the overall isotheifmal efficiency is defined by 

''' ' - Isothermal niK- , ' . ‘ 

•”/f , . ',;v '■' CT.P. appied to the’ cdihpressor ' < / ; ; 

V -I ' " \ ' 1 ' ' ' , ' I j'" i/ J ^ 

'* ' f ",Vv ’ ^ ^ ' 

II Is drted lb bbmprees® lb. of 'an p^' mlivtb apressule of 85 Ib. perp^Yiiiv;;.-, , 
i' bavs^^ isbthertaal ©fSciepoy of 77 %.-• If the atmospheric . - 

c:y-. : > \ r ■' V - , ’.,i 


i S'! I . ■ 




(ififf PuKtuf of in ( tuid of Air Votoj^s 
u»jm tie*!! U tht |»(‘rH \ 1 h n llit i (uiipK 'M m i tn “><> T «iimI lt>'(i quite 

s(i n d) f h.tt Vvhi I uilj ni tin Mi ul th< <f>uu‘n ' 


( »tlH 1 ini < h H ti \ 


I olhf I Ml il work tloni 


\i tinl uoik rlnni 

\ ' i li w)ik p I 11 ) < I II 

I s !M (il 7 !2 i’‘ 71 <ii 


I* 77 

itMoOit 111 


r*s 


i ^ 
I<I2| ’ J.IS 


bl loll 51 1 „ 

1 IJ I , 97 i. 

Ja, \ii *u«ofn{»T< 1 1 iliiM imiiir I (h In i 1 )h -«< I r n mih hamlif KKlIh u It oftieoari 
jKfiiuti tki Unit jn* lUn knu<» 14 Ih pn *.<( lu tl» tnnpn ttui{*t)il K,aii(Itho 
MJHiprr lull no u!f IT7i Ih [»« t "q »i »k oliiii* H 1lri ovc'iiill isothnrriil (fftntiuy 
of I hi toinpit*- oi t 70 f nd tin linki fhu tn il f fhnuu v ol thotiiiim «5’\,,hmlthc 
III Dll H i{«im ti fti*r *Ii\ olJIhr d f n h '/ liloit hhcnii i 1 17,000 !> i \ 

\i f u il winK p) r loiitf i u it of an fo In Huppb »! h\ oil 

ms IM 175 

0 7.. .,2.-. li 


ttillfm-Hiji oi! |iu tjtm. 


lJuift* |M*i 21 hr , 


100,700. 


ms- 111- KMHilu^ 


175 

il 


<s7 > 0;2h ^ 1 17,000/ 77S 


0 2517. 


Oil < oiMinUMl 0 2.5 17 / l)i » 2 1 

366*0 ffalhrtis. 


Methods of Improving die isothermal efUcteiicy of compressors. 

1’hu trf nil lire oicdliocis in list* is io H‘(Iut*e the iiiml tempemtme 

Tji hd that the aetuai woiK appitjadirs ia<»u* closely tt> that in isotliennai 
roinpresrtion, * 

(I) In eaily eoniprorisors, air was _ 

.compressed over w afcer witli a \ iow ^ 
to removijig the heat geiimted («t*c 
1%. IJnfortuimtely the speeti 


Hflktiir htitaMPf mA fpray me 



Day VERY 
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(2) Hydraulic compressor. Peiliaps the onlj' i-sothermal compressor in use 
to-day IS the liydiauhc type, in -which impounded water is allowed to fall through 
a Ventuii tiiioat The thioat causes the pressure at this point to be ie&s than 
atmospheric, and theieby an is diawnti into a cavern m which the roof is higher 
than the watei outlet fioiii the chambei. To allow foi fiiction, and to produce a 
dow m\ aid ^ eiocity in exce-is of the upu aid \ elocity of the air bubbles, the actual 
disehamc outlet must be lm\ ei t ban the atei inlet, which ie> fitted with strainers 
and an pipes that lead to the Ventuii thioat 
A notable e'vtUiijrlc oi Ihis ty|je ot compiessor occurs at Kagged Chutes in 
Noithein OnUiio, m which the oiigmal fall at Ragged Chutes was dammed, and 
the Mouiietil Rivei discliaigcd down a vertical shaft 242 tt. deep to lise from 
another shaft at a lower level (see Fig. 29). 



The air diawii in a< the Venturi is released in the cavern, wheie it is available 
for use. The‘ vet diseharge from the blow-off pipe, when the air was wasted, was 
cpiite a sper'iai le 

Small hydraulic compressor. 

When the Mont (Vinin tunnel was being driven a compressor was designed on 
the lines of the one shown in ihg. 30. 

In this compressor the inlet valve A and outlet valve B are of the piston type, 
being eounerlcd mechanically and driven externally (see Fig. 30). 

When B is open the waler in the compressor runs to waste, and in so doing it 
induces a flow of air inwards through the air section valves. On B closing, A 
opens and high«pressur© water displaces the air to the receiver, the cycle being 
repeated eontinuaily, 

On account of Its slow speed of operation the machine is cumbersome, but its 
instaliation is Justified where a constant supply of high-pressure water is available 
without excessive civil engineering costs. 

In common with other types of hydraulic compressors, or hydraulic rams, only 
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a siiiall ]joriu)ii oi tlie energy a\aila]»lG in the water k actually iinpaited to tlio 
air, the major portion nimuiig to waj^te. 



Fig. 30, Hiuall liydmulics couipr^'rfsojr. 


(3) Spray injectioa. Home years aj?o the pmctiee of inje(ftjng a spray of 
water into the {compressor cylinder towards the end (d* the etimpimHion stroke 
{with the object of cooling the air} was in eoiumoti use, Huch a inci Imrl ne(?e.ssitate(l 
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(5) By a suitable choice of cylinder proportions. By providing a short 
stroke and a large bore, in conjunction with sleeve valves, a much greater surface 
is available for cooling, and the surface of the cylinder head is far more effective 
in this respect than the surface of the barrel, because the periodic motion of the 
piston does not allow the barrel to be ex^josed to the air for a sufficient time for 
heat to flow aw'^ay. Moreover the air ia compressed against the cylinder cover. 


( 
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compression. It itK i |iiitniuu{i m t\s(t oi 

( vioiflf ( o!*Ui!if d in nK ) ind* d o} ui nn' m liiidf i ui ofijioituinh isu\en 
lui HoliniUu lu tn iiH dtriiiUntd i tiiidi i Ii uu< iioianiit i s Iindu and hefoje 
ndnin ilu ih \t 1 hi -^un )m mm m‘ ihf au’i i i imt k tn<t<d 
iht t uffioH -MU 1 Uindi I M) ill i Hioii itnnphtt din d\ aid aj 

\ , tf I M)nkd ( ‘ h!id< 1 III tiu If liv 1 fMidniif d \Mlh ilu* ]ni ^ihiliU ot n '‘htiinif llie 
uf inilNjintiiitnnpf • lioK riiln dMhiii^i liaitn nlitvliudfi uid if in infinite 
iininfMTtd t it.os \u I <ni|ihj)nl iiollu ini if ( (Oiipu wmdfl k Mill 

" tf ( n n ii H t 
U«J( (« 4 '0 ? 



Fiji. 33. Doohln aclimfi; t\io.Mtng«‘ ««t»ttipr< snat. 


Sinco the cooler is plami in hotwmi Hta^w, it k kiumn hs tin Intercooler 
With the object oi lenioviiig n)t)icr« m* Hometiiuch litit'd after the 

last stage, and for this reason are ^jailed After coolers, hot it should be oiiatved 
that after coolers cannot influence the work done m compieHsioii. 

Incidental advantagea of stage compressiont 


(1) Better mechanical bedani^, and torque of multhcrank machines. 


/ a pmm there ie a redaction oi about 20% m 








L.P. 


Atmpsphewjc Pf?EniUf^E p. 
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S\\ept volume per mm. - | x x 1 x 150 == 52-3 cii. ft. 


u.P. 


6xl4xl44 x 52'3r/140\^ 


33,000 

To - 288 


f- 


\14/ 


l\U 

423 


i\i “1 

)-^y 


8-975. 


Ti = 298 
Temperature rise = 125° 

R 

-j = {C,- C;) = 0-238-0-17 = 0-068. 

R = 95-3, 
14x144x52-3 


w = 


« 3-845 lb. 


95-3x288 

Heat rejected = 0-238 x 3*845 x 125 = 114-3 c.H.tr. 

X X4 3 

Weight of cooling water = — ~ ~ 22*9 Ib. per min. 

0 


Ideal intercooler pressure for two«stage polytropic compression. 


In an ideal compressor where clearance and valve resistance may be con- 
sidered to be absent, the induction pressure is atmospheric, whilst the dis- 
charge pressure pg is fixed by the purpose for which the air is to be used, and is 
maintained constant by relief valves and unloading devices.'^ The interstage 
pressure Pa is, however, under the control of the designer, being determined by the 
relation between the cylinder volumes. 

Now from Mg. 3C it will be seen that the total work per cycle, done in a two- 
stage compressor, is the sum of the red and black dotted areas, and that, by a 
correct choice of pg, the black areas may be reduced to a minimum, thus: 


Work done ~ W 


n 




iPih 


[( 


n-l 
Pi 


-1 


n~l 



Taking the same value of n for both theH.p. aigI,L.p. cylinders andassuming that 
intercooling is perfect, i.e. it restores the air to temperature then 




! htOnj (I I// ^ iji fft}>i oj Ah M(f(Oh, 
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l« m luul, %ilh X st4j/< s, 
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P\ 

Pi Pi Pi Ps ‘ 

TIk* ^v^H’k <ioui' |H‘i 4‘*|U}4l for this M^ndif i<m 

1 ' 

Vi {S <*w«i w » n ini n > nn w J 3 m ff« f ■»t»W>«W>Hil||i| f KM I 

ti-r ^ \\ Pi f 


(») 


m \h wry import .uit, sinro it npplirs tt> nuy iyjfi* oi umtprossor or 
motor, nml tnou to vapour tmghioi, pro\iti{'(l u m < y, 

!n tiu* (vciit <ii iiilemjolmg hdiij; tmporfnli wo tmtst tjoat iwh as a 
«epftmte (*omfirt*«^or. In whiuh ms{**V m (It) will }«* iinii^v. With this ^pooial valua 
ot X t ho power pt‘r oaii 1«* onlrwiaf fd, aiul fitwily the total power is the fium ^ 
0 i the poweu|H»r«tage*. 
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« « 4*« 


Umt rejection per stage per Ib. of air* 

If tb® air l» cooW to its initial temperaturo the whole of the w*ork done in 
oetn|ii>es#a must be rejeoted to the eoolittg medium. 

Einet for a idegle stage the heat rejected i$ giren by 
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n-l 


and since iui 1 lb of an ET^ and ^ \ , tlien (4) may be written 

■fi \lhl 


as 


1F = 


n 




n-\ J 




-1 


per lb. of air 


01 


but 


b' “ j units; 


Heat rejected with perfect intcrcoolmg 


.( 6 ) 


... ( 6 ) 


The first teim in (6) rcpiesonts the heat rejected at constant pressure in the 
intercooler, %vhilfet the second term represents the heat rejected durmg com- 

JR 

pressjon alone, and \uiting be reduced to the form 


y^n 

r-i 


X Work done m heat units, 


as dedut ed on p. 60 

To find the change in <j) duiing the first stage of compression we have, fiom the 
defimtioii of entropy, = dW(T, 

Differentiating (5) and dividing by 

# = j, y • 

Integrating gives the change in as 

(55,-{i,) = [q,+t;(t=|)]log.| 

f 

For tbo oomplelo isothermal two-stage compression the change in ^ 


.(7) 


^ Jlog.t»=(£7^-<;)log.^». (8) 

e/ Pi 

But if the work done in stage compression is to be a minimum, 



ioo Thv Tin Oi'u and Ftaciio of Air ( and oj Air AJolors 
3jy ((>) ill ^7), 
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jog, 


l>\ 
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fompaiinL^ («) and ((0) it Mil! ba M;ori that one is Indf the inJiie efthe other; 
heni‘(‘ the wnik doni^ {ler dage i,v a miniiimin v\}jeti tlie incn'aac in entropy per 
stae'e H 

Lsutliernial increase in 9 for \Umlc euinpression 
Number of Mages 


and the maxmiuin teni|u‘ral me per stage in eonstant and ecjuai to IL 
Kx, two-sta^^e toinpressor. 



In a I wO‘Sl fig<‘ air compressor the n.p. cylinder draw s in 5 eii. ft of air at a teinperature 
ol In'' and a pressure of la lb pf^r s(|. m. absolute, is eompresseii adiabatically to 
,*|0 Ib. per in. and then deli\ eied f 0 a receiver, w’here the air is cooled under constant 
presume to 15' <1 This air is then rlruwn iiitf> the H.r. cylinder and eoinprcsttcd adia- 
iat icully to tin lb. pc-r srp in. and delivered to the reHervoir. Find the n ,r, rerpiircd when 
rminifjg wngle acting at i(H> r.pari. 

8me(“ jntereooling is peifect mid the iider^stage pressure JIO Ih. per -srp in. - di b"> x f»0), 
we emi apply eitmUiou 





/. W 


2 x 14 
“ iH 


j< 15 X I 41 x 5 



10,57«li.4b. 


16,570 xlW 

/. H.r.« 


33,000 

it%. Wetglit of water required for Intercooling * 

' ^ ' A twO'Stago mv mnpresKor conif iroHses air to 000 lb. pot »fp m. from 15 lb. per sq. ini I 

and S(f C. If the law of compression is ^ constant and the intercooling is complete 

t 0 ^''C.,lind|:mrlb. ofair , 

- ,(«) the work done fn t}ompres8W#;» 

' . (b) the weightdf watknecamry forahskactingty iimtmtheintoreooler ifthe 
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Temperature at end of compression 


T.^T. 


?'-i n-35 

('600\2yl 35 




15 


=29,3 X 1*614 = 47,3° absolute. 


Loss of heat in intercooler pci lb. of air cooled 

= 0 2373(473-29,3) = 42*8 c.h.u. 

Weight of cooling water w x 25 = 42-8. w - 1-71 lb. per lb. of air. 



Ex. Horse-power for a compound air compressor with imperfect intercoolin^. 

(Senior Whitworth 1925.) 

Estimate theii.p. of a compound air compressor necessary to compress 10,000 eu. ft. 
per hr. of dry air at 15 lb. per sq, in. absolute and 10° C. to a final pressure of 500 lb. 
per sq. in. absolute. The intermediate receiver cools the air to 30° C.' and 80 lb. per'* 
sq. in. A.ssumo a mechanical efficiency of 85 %. 




Since intercoohng is imperfect, the equation 


\ 


W 


Nn 

n-l 


'■'[frf'-' 


cannot be applied directly, but, by taking N ^ I, Vc> must be applied twice, thus: 

. . 10,000 , 

V olnme of air per mm, = - 166*7 cu. ft. 


60 


14 r/80\' 

Work done in l.p. cylinder ~ x 1*^ x 166*7 I 


04 

14 


Let be the condition on leaving the intercooler, be the condition 

of the free air; then 


p,tiu jhVi 303 


Work done in the h.p. cylinder = 



15 X 144 X 166-7 X 


303 

283 



Total work done 
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111 hi^j]-dasM if.F* {'onipicHMorh it ntay be as litXle as ii of the sv^ept vokiine, lead 
fusevA ire being iiHe<i to rletermino the actual width of the gap between the cylinder 
end and Ihojiidmi. win'Ist ni (’henpLJ*. eotnpressors the eieaivincc may he lj()% 
of the snept voluincv in wliich ease lln^ tbiekncs> of a tiatlened hall ot putty is a 
mcjisuje ijf ihe gap. 

Effects of clearance. 

The dina t efli'ct ol cleannn'c is to make tfa* volume taken in per stroke less 
than till* swept. volum(\ and heciUise of the neees.san ineieasi! in the si/.o of the 
fomprtissor (tt> innintain the output ) the power tf> drive tlie coinpressor is slightly 
increased. I'he maximum eoin]uvs.don pressure h also controlled by the clear- 
ance volume. 

bailie of clcahioce. 

( J ) jMiime less precision is rerpiircd in machining awl erection, a large clearance 
cheapens a compres.stir and fends to ineimse its reliahility, 

{2) A variulde clearatiet* i.s a corn eriient and safe way of cirntrolling ihe output 
of a ttomtani speed compre.ssor. 

(3) fiiereasing the clearance in one stjige thfow.s more work on the stage below, 
Tn iliis wny the temperature rise in the higher stages, eoii.sef{«ent on controlling 
the output by throttling the n,p. suction, may be limited (see p. lOU). 

Volametrk efficiency of compressors. 

The volumetric efiklency of a eompimsor is the ratio 

Fi'cc dr ddfvered per stroke or per minute 
^wo]jfe volume of h.v, cylinder pet stroke or per mimtto * 

Free air delivered (F.Ajn)* 

The te air dolivcmi is the actual volume delivered at the stated pressure 
tedui^ed to, Intake temperatufe and pressure, an<l expressed In cubic feet per 
aiittute, 

Diaplacament, 

/ ttsplacetiiiont is tiid actual volume in cubic feet swept out per mmute by the 
pilstpb or pistons during the 

‘ ' "'fb© ^ doEvbred miimit© is to ihan the ^pkeement ,of the com- 










I, ' " 
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(c) The high-pressuxe air, trapped in the ciearance space, must expand to a 
pressure below atmospheric before the automatic suction valves can open; a 
portion of the suction stroke is therefore wasted in effecting this expansion. 

(d) Leakage causes a certain loss. 

An estimate of the reduction in the capacity of a compressor due to clearance 
may be obtained as follows: 

From Fig. 37 , the volume v^, of clearance air at pressmep^ expands to Ug according 
bo the relation 


i 



Fig, 37. 


Hence (with a swept volume the eifective suction volume 


1 




lO-i- Th Theory and Fraefire of Air Foini)r(>s.'^t)i\<i and (ff Air Motors 1 
The power to drive a compressor having clearance. f 

Apart Imin fnat-io/i aiid radiaiioii liujjaTOor to firiw a ^'t^mpressor isnoi 
atleetcd by eJearaiioe, ^hice the expaiuhnjf air develop.-; j)ositivc work equal to| 
that done ou it (hinni^ nuiq^reH'^ujo, thus. | 

ddie uork done diu'in^^ eouqu’e^'iio!!. eleaiau'‘t\ i 


P‘J:\ 

pA 


The work done dui'in<{ expanBioii, taking t he waine ^ alu<' of n a.s for eoinpresskmji 




Nett work done 






But rj -i\ Efetivi! swept volume, 


The nett wttrk done d«riii$| a compression cycle 

^ « ” I 

ffiud'ive swept volum " .*1 . ^|) 

In n intilfci-fitage nmehine this ex|imsKi<in niust be upplk*!! tu eiudi stfige iu order 
U> obUiin the total work done in eonipressiou. 


Eji. Voliimetiic efficiency of a compressor. 

The |}Mon of an air cOaipressor luis a cliaplacement of .150 eii. ft. per min. ff tlft? air 
AJ , ill llie intake k at 00® F. and 14*0 lb. per sq. in. iibsaliif e and fJte tifmipresHor in TOiStfe. ‘ 
W raiHce the pressure in a ^121 eu. ft. roeeiver io KK) Ih. per sq. iik gauge and the lemperaiaire 

, , IS U)5®F.* whatisthoyfdumotrieeflllcienCyofthe.tmiproHsor? , , 

' / initiai temperature and pw^ssuro in the receiver to iW F. aiul 14*7 ib„*per 

; ; ' '_^q,..;in,*bBolute,aftd J|'^53‘3S. * 
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Equivalent free volume at 14*0 lb. per sq. in. and 60° F. 

= 24*63 X 13*73 = 337*3 cu. ft. 


Swept volume in 70 sec. 


^ X 350 = 408*5 cu. ft. 
60 


Volumetric efficiency 


82 * 6 %. 


Ex. Variable clearance. Horse-power to drive. (Junior Whitworth 1937.) 

A certain air compressor has a stroke of 30 in. and a clearance equal to 3 % of the 
piston swept volume. It delivers air at a pressure of 100 lb. per sq. in. gauge. After 
overhaul, a distance piece 0*4 in. thick, which was originally inserted between the 
. cylinder head and the cylinder, is accidentally omitted. Estimate the % change in 

j (a) volume of free air delivered, 

/ (b) the H.P. necessary to drive the compressor. = 1 *3. 

J If the clearance is 3 % with the distance piece in position and d is the diameter of the 

^cj Under, then ^ Clearance length _ ^ 

V 7Td^j4:XZ6 

5 whence the length of clearance = 0*9. 

5 With the liner removed the % clearance = x 100 = 1*666 %. 

^ In the absence of leakage the f.a.d. per stroke 




X 

(jJ/ (see equation, p. 103). 


The % change in f.a.d. 


- pM F.A.P.- Original f.a.d.\ 
^ Original f,a.d. / 

_ r Final F.A.D. .1 
~ __Original F,A.i). J 
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i’lip fo (ifiv(‘ ^ 

^ (f.‘}re< hvf' hU’< |)i u>hiin*.' jH'f inin.) 

Th^‘ ",» ^'itcUiiiC jrt thp [}/)«<“}■ I u «lih(' 


,1 

J' 


'Fni.ii po\MM’ 
Oniiiful 


Fill.ll l. V !K 

IiuImI } V (♦ 


.tiMl 

wiienctMlH' ('hmvjn in lh<' jMJUci tu drivr i.s itl-fi 5-7 


luo, 


Ex. Pi^vformance of u con»pr(*ssor* 01.S<‘, ) 

Uiv(? bi’irl ucroimt of tiu' \ariou.s iUcten’s wliu'ii <k*ttTii»in(‘ the jtprbninnncf* of ak 



tiH jihowif an indivfiior cliHgrjiintakfnfrom i\ air {!om|)r(H*<ori wKiidi 

takes air from ilw afcmoHph«re at 15 lb. sfp iti, ami delivers it to Ihn aianiH, \vhc3fv, 
the imwirt* if* 103 lb, per in. FimI tJw imjkuted eOknettev of the eampressor. and 
diseuHS the diHwneeH hetwi^en the dkgram atkl that theoret'u'iilly pjjssihlo, 
afiauiidftg kotherinal c<>mpre»8b^ 


i By, the performantje of a aomprewr k jjjenmfly the weight of air delH'ritd 
^ ^ ^ |»e.r htlft.' |ier impmisttd on illb' niaehuw. 

‘i' ' / fm'U> whinfe of 'giyen irnimlty a»tl temlna%eMuro tho porformaim* In Inihioiici^ 
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Length of diagram == 2*68 in., 

Area of diagram = 1*75 per sq. in. 


Average height of diagram = 


1- 75 

2- 68 


= 0*653 in. 


Height for a pressure change of (105-15) = 2*11 in. 
M.E p. = X 90 = 27*83 lb. per sq. in. 


Woric done per stroke by an ideal compressor without clearance = p^Vilog^r, where 
Vi IS the effective stroke volume. 

15x2*65x|;?|log,^^^ 

Isothermal efficiency = - 


‘2*68 15 


Difference between diagrams. 


2*65 X 27-83 


/0» 


(1) Throttling of the air at intake causes the suction pressure to fall below 15 lb. 
per sq. in. 

(2) Throttling of the air at outlet causes the discharge pressure to rise above 105 lb. 
per sq. in. 

(3) Clearance causes expansion on the out stroke, and thereby reduces the capacity 
of the machine. 

(4) Cooling during compression is imperfect, because % == 1*2, thus 

Length of clearance volume on diagram as 0*15 in. 

Length of swept volume on diagram = 2*68 

Total volume at 16 lb. per sq. in. is represented by 2*83 in. 


O.QQ 

/. Total volume x 2*65 = 2-8 cu, ft. 
2-68 

Total volume at 105 lb. per sq, in, 

= ^x2-6S = 0'S34cu.R. 

2*68 

( O.fi \n IfVK 

o^gi) = 




: .--.iL. 1-2. 

log 6-06 


Effect of atmospheric conditions on the output of a compressor. 

A low barometer and a high temperature (as encountered at considerable 
elevations during day time in tropical countries) is responsible for an appreciable 
diminution in the mass output of compressors which have to operate under these 
'conditions, - 

, The votoetric efficiency (when referred to a standard atmosphere) falls by 
abqut ,3 % pk 1000, ft. increase in elqvatipn, and,l % pfer 5® 0, increase in 
' temperature. ^ a result: of tlio considerable mduetfon'in temperature after 
; srmdbwm and the accompanying humidity:, power, plant in trppioal climates rups 



Ii)s llii if iiiuWlihhi* f>l 1// f 1 > 1 ( ftinl (>i 'I Mntu 

f V \ (» tr i( i)i|)i < ! ' j J H < 1 J J ( j I t \ 1 j I li b I f * j’H ( 

I , II n iM f til u< > ' 1 ' il ‘'Mi 1 M tH( nil n m '< mr it u 

ft i )ti m |i jji \ n t h i{)| ntim m 1 l\ li t' }i n t 1h 

I I i <tuf n ( < M h lu I iiu in i t 1 

If i}j 1 <1 M nip )« ii ! 1 >1 t i f i?t i 'M i’ t > { in 

it Hi IK } • ( Hi! 1 1 M f I f hf <5 

sutd if ni ^<nit[Mn i i n« hull ui u Mli* t pnMu i / /// 

vtlii f n\ il* Jut ih pu UP i 111 ' HI dv * itij" ' t 1 Hill lit i ti f^i 1 1 

'Imiik 


{ 

I' «< 11 ' ijff < h in t "1 pia put 

I ill ^ ^ ‘ 1 j 

If / 


2 “i jIiM 
JU 


1 |n»J 


I JiH) 7h 


Il UhI b*t ll ' 'll IJIK 

I U1UT)U MU lit M , t . , t 1 

‘ I iMihi't il vniuim * 

V,nt /V.' ' ;■ (''J' • 

f 

. ,, .'1 1 » 1 1 Ti» . 

rp lipii tM« MfiM mill ill. j ^ 

■“•mu I ilyitmtin | p | * 

Tii show tliut the low -pressure suction ifUTcases the ienv 

l>erature rani3;t* in successhe stages* 

H all is fiiivcntdl horn v <om|itussor. thru olniouslit ii < oiiiol hi 

fh‘h\<*wsl5 joifi ohMnirtuiu ot t!m 
0 ?. mi fion is SCI eiwlv rllntinh it \nmH 
H|>vear to >10 the iiiethoil ot < ou 

trolling the output ot «i cojiHtiuti wjnssi 

compressor. 

Unfortunately this method I'Tnot wu- 
attended with danger, oair^ to tlie m 
ftbnomial temjieratur© rinc in the higlter I 

6tag6» of eompre^lon; ao h}gh» in facit J 
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tune l)ocli)y to the left of the diagiam (see 39). Now the effective swept 
\olume ()1 the HP cylmdoi neglecting clearance, is not affected by tlirottling 
the L p suction, neither is the delivery piessuie If, thciefoie, the h p cyhnder 
ij> to be completely filled with an the leceivei piessme must drop from to 
and m this way inn ease Ihe pressme range in the h p cylinder, so tliat the 
tempeiatuie lange will bo increased accoiding to the lelation 

n-l 

A safer, though latliei more extiavagant, control of output on constant speed 
( orapicssois may be effected by blowing l p air to waste, or alternatively by 
Vriiying the cleaiance volume 

To show that increasing the clearance in one stage causes more work 
to be done in the lower stage. 

In Fig 40 the shaded areas represent the normal working of a two-stage 
rompiessor, the dotted line indicating the expansion in the h p. cylmder con- 
sequent on moreasmg the h p. clearance volume. The expansion reduces tho 



effective swept volume of the h,p, cylinder, and therefore the receiver pressure 
must build up untE the cooled discharge of the l-p, is equal to the effective swept 
volume of the h.p, cylinder. In this way the work done in the l.p, cylinder is 
increased and that in the h.p. reduced. 

Because of the reduced pressure range m the h,p, cylinder that attends an 
momse in clearance, a combination of l.p. throttle control and h,p. clearance 


JIO Thf' TIhoiij nnd Pr((cfi<U' of .\i/' (P)rnpt'e,\-'iOt\s and i^f Air 

adjUhtnicnt foriMs ;i jM^ribct nictJiod ol ('oi)tro]lin,jj; nutpiil <>1 (Mindfiul sjiffd 
eoMi|iresisor, fcht* incTcaswl ]ircsN»r(* riiui'tj ni the H,t*. {-ylifuler <'<*f<veq{iefd un 
i.lirotfclin^ the h.v. being by iru mi-ning the ii.e. ek‘auj,nn\ 


Compressor valves. 

Thu uonMcIemtiuns Hhi<*h deternune the ehuiee of eofiipiu«M»r e.'dve> ;(tu; 
C) The cjijiJHMty of the maelime. 

{2) The fi}«f*harge [irejjMure 

(;j) The rotationitl speed of tfie eonipies'itjr 



41. f%le or disa valve. 


Experience has evolved the following nniin Kor sl«HV”KpH»fl large 

ea]5a<‘ity machines, opemfing at modeiiUe pruHsures, the di^e, or feather valve, 
41 ). F or high -pres,sufe machines the poppet valve \ Fig. 42). For high speeds 
some form of luechanieal valve rd’ the (\irliss, slein fj, 
rotary or smiii-rotary typos. 

Disc and poppet v?dves are asnally aetuaieti by a . 
prcHSure difiVrence over 1 heir faces. The ixitiim of Ibo j 
, suction valve is assisted by a light spring, whilst a t \ 

, heavier sjiring is used cm the disciiarge val vc to eflhot 
' niore rapid eiusing^ and thereby prevoiit dense high* 
pi^sura air from baking back into the cylinder on 
.the swelion 'Stroke. ' . , ^ ■ ' 

,Wbh awtoniktle valves it is important tiiat, they 
i shonM be, and exoeptlonaiiy fltnmg, to prevent 
:f / isnd'.edttge^wnt leakage undeV appmdabie 

valve by :Autoimib poppet 
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at a fraction, of its rated output. Provision must therefore be made for balancing 
the supply and demand. 

There are two main classes of control: 

(1) Variable speed. 

(2) Constant speed in which unloading devices are employed. 

Method (1) is best applied to machines that are driven dhectly by steam or 
internal combustion ongmes or water motors. With electric drives the good power 
factor of synchronous motors commends them for compressor drives, even at the 
extra expense to start them as induction motors. The characteristic of syn- 
chronous motors is, of course, constant speed, so that the output of the compressor 
must be varied: 

{a) By throttling the low-pressure suction. 

(6) Increasing the clearance volume. 

(c) Blowing low-pressure air to waste. 

i 

Regulation of direct steam-driven compressors. 

The regulation must provide; 

{w) Against any change in speed due to fluctuating steam pressure. 

(6) For varying the speed of the engine to maintain constant air pressure. 

(c) Against racing of the engine in the event of a burst pipe or broken crank- 
shaft. 

To satisfy the above conditions a Centrifugal governor is usually employed 
in conjunction with an air-pressure regulator. These components jointly 
operate the throttle valve or vary the cut off. 

In the type illustrated in Fig. 43, turning the handwheel allows the spring A 
to o})on the valve B. 

When the air pressure increases above a predetermined amount, the diaphragm 
is depressed against the combined resistance of spring C and the pressure on 
valve D due to leakage steam, with the result that J) is opened and the pressure 
on the top of piston B is released; consequently valve B closes against the 
resistance of spring A, ^ 

A fall in air pressure reverses the action, valve B being opened by the joint 
action of A and the pressure difference across the valve B. 


Unloading devices. 


Although the output of steam and internal combustion engine driven com- 
pressors may be partly controlled by the throttle,' the efficiency falls off with a 
-reduction In ^eed, and apoint is roaohed at whiqh the engine will cease to run 
©yenly wli/ii tlie oompre^r delivering against full, pressure. The modern tendency 
:its.thfrefoife to employ some imloading device as on motoij-driven compressors. 
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To L P Suction 
Fig. 44. Thiottle control. 



Fig. 4d. TsH section of Compressor cylinder showmg valve Equipment for 
regulation by clearance control. 
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Wiioa Ihn ivepu'er ])iPrisuu* exfwils a. atununt a dcvid 

iMkal hy ii, flia|4iiu,<*ni. su that, a pisfon \a.lvp nppn,', a port , and so t h»‘ air 

proRsiirc in ohafnbt'V A spi'tntr i lilts \<ilvp « jind tfiPivdy pats tlio 

additional <4o!iruiip<* ^patic into I'oiumnnioat ion with thr o^lindor. 

ShfMilfi tho prps-,nie ronlinur riMnii. the pontinuod upuurd mtnum of tho 
diapliriitrin o])inis a .“HppoMd Vidvo ilU iin<l •^o on until tin* air doiiitnid naid roippl} 
lialaiit'e 


Control for blowini^ air direct to the atmosphere. 

The flcvi(‘o iii i''unstitntps a lo-pas-^ valve, no tliar tJie h n. 

cylinder deliveris air direc^t fo thtj at- 
Ru>8}dimii uhw) ihe iceeivi^r pi’esi^iin* 

exceeds a desired amount. \ ^ 

In operat ion hi^di-pressiire air foreew Oc aj \Vr , 

the relay piston ujiwimis against the 

resistance of a dead weight initil a |] ! Y| 

pUAsa^e eonitnunicatint!: with pi.sion // j | I 

Huncovm*d, dld.salbw.shiptle pressure hi-uw j|i j 

air to move piston /i downuardi mt 1 

as to opim the attnostdierie relensin /*N y.yil I 

the hack pressure valve }»rnverit,jnu I tpj 

es:cape of hi^h-pmssure air from the J| ^ I ^ 

receiver. fp | * 

On a fall of pre%RUw Uie relay fnVttm Kgl J| 

descKnub and oil tlu? c«|)|«iy to B, p ■ 11 gl H 

which irkin', ' and thereby ckjsifs tin? j L,JD^ p? C ^ 

atmoHpherie re!na>stx ^ \c::ii-D to 


hi-»,Av !„vtiM‘Ka 






Botary compressors. 

The rotary principle han iilwu;y.s ejc- 
err.wcl ianfintif bn for invonfora, am| 
' altknigh tininy rijtittfy typen of 
'pMorB.ttre id oxiHlonee, the pHriei|nil 
: am tha€ro»t:oiittypo. Rood’s blower 
and tW Tarfeo compressor. . 
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easing, restraining rings, having a bore sUghtiy less than that of the casing, are 
often fitted. 

For its operation the compressor depends upon the eccentricity of the rotor 
to the casing, and on the disposition of the suction and discharge ports. The 
suction port is arranged so as to subtend a maximum arc between the blades in 
contact with the casing, and thereby to charge the cells between adjacent blades 
with a maximum quantity of air, whilst the discharge port is of such a width, and 
in such a position, that the volume between the cells is very small. The actual 
volume depends upon the degree of cqmpression required. 


WSK 

oi/TLCT 




Usually a non-return valve is fitted on the delivery side of the compressor 
to prevent the compressor from motoring when the motive power is cut off. 

The main advantages of these compressors are compactness, high speed, 
uniform delivery, and high volumetric efficiency, but this requires an accurate 
fit of the blades on the ends of the casing as well as on a diameter, and this fit is 
difficult to maintain. The machine is therefore most efficient for large outputs at 
low pressures, and for this reason it is often used for water-vapour refrigerators, 
lighting gas compressors, and superchargers. 


-t I 4 


Turbo compressors.* 

, These machines very closely resemble multistage centrifugal pumps, in that 
, they consist of impellers B, Fig. 48 and diffusers rather than discs and dia- 
phragms, as in the case of turbines. 

The important difference between a water pump and a compressor is due to 
the difference in density between water’and air. The greater the density of the 
iuid the greater the pressure developed by converting'kinetio energy into pressure 

' ' , ' ' ' , p F® ' 

since the relation between the two is given by — .f If p is smatt, as 

^ ' r ^ ^ J *• ' < 

'' *' "*Keo®ht developments in' Turbo Blowers ^ Compressors”, Pmc. Jfnsi. M&di, Bng. 

j !<*■, ' i", I « .« IT’...’.. rtTft 




f/See Beraoullfs theorem, >p. 319. 
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When compressing a gas in an uncooled compressor the least amount of work is 
done when compression follows a reversible aiabatio. In these circumstances the 
work done per lb. of gas is given by 

uiiere is the temperature at the end of adiabatic compression and is given by 

Tg'i _ / r 

Ti \vJ * 

The adiabatic efficiency - . 

It should be observed that compression in an actual compressor may be 
adiabatic, but friction and eddies prevent it being reversible and therefore 
isentropic. 


Ex. Turbo compressor. 

k turbo air compressor draws in 12,000 cu. ft. of free air per min. at a pressure of 
1 4 lb. per sq. in. absolute and a temperature of 60° F. The air is delivered from the com- 
pressor at 70 lb. per sq. in. absolute and temperature 164° F. The area of the suction 
pipe is 2*1 sq. ft. and of the discharge pipe 04 sq. ft., and the discharge pipe is 20 ft. 
above the suction inlet. The weight of jacket water which enters at 60° F. and leaves at 
110° F. is 677 lb. per min. Find then.?, required to drive the compressor, assuming no 
loss due to radiation. 

Let 1 refer to the inlet section, 2 to the outlet section. 

h’rom Bernoulli’s equation the total energy per lb. is 






%g 


Per lb’, of air pv =* BT, 


140x492 

Pz Pi Pi 




/624 

I4xi44xl3’73l^~l 
S540 ft.-lb. per lb. 


y i?:??®. - 9^.25 f.p,s. 

; 12,000 14 x 624 


' " ' ' \ outlet * ^ 48 cu. ft, per sec. 
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KXAMPkKHdN Alii tmH*4KH?>OHS 

i * WliiMtwiM bathe in the amount of work to ( and ilisi hargn 

I oa. ftit at 60* JP. Mid 14*7 lb |ier sq. m* to 90 ib pr f«|. in, fttMilnir, w him lito 
Id laofiannal and whan it m a^bntie. In actual oompretiHora w Hat th the 
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2 , W h it IS the peicentage theoretical Sdvmg m woik by compressing in tw o stages to 
901b pci sq m gauge instead of mono stage? 

Assume compiession index 1 3 and that the mtercooling restores the air to its initial 
tcmpeiatme Aiu 11 6%, 7i will be less in compound. 

3 , All IS drawn into an an roinpies&or at a temperatuie of 61 ° F and 14 7 lb per sq in 
absolute The flash point of the oil used for lubiioation of the piston is 350® F What is 
Ihe maximum picssuic to which the an can be compiesscd if the highest temperature 
must be 50'^ F below the flash point of the oil 

(а) if the compression is adi ibatic f 

(б) if the compiession follows the law 3 _ 

Ans 541b pei sq m , 751b pei sq m 

4, Isothermal efficiency. (B Sc 1026 ) 

fn .1 single-stage air compressoi the compiession follows the law pi;” = constant, and 
the ratio of delivery piessuro to imtial pressure is ? , piove that when clearance is neg- 
1( ( ted th(‘ isothcimal efiicitncy is given by the expiession 

(%-l)log,» 

n~l 

n(r ^ ~ 1 ) 

A single stage an compressoi takes m air at 15 lb per sq in and delivers it at 60 lb 
jH‘i sep-m Find the isothermal effieieucy when the compression {a) is adiabatic, 
(b) l(;llows the law « const int In an actual compiessoi, the compression curve 
< in only be appioximaloly represented by an equation of the foim pv” = constant 
Explain clearly the reasons feu this 


5. Compound air compressor. (Senior Whitworth 1922 ) 

Show that the w oik done in a compound air compressor w ith pezfeot inteicoolmg is 


ft-i 




n 

w-l 




Pi) 


p,\ n 

Pil 


• 2 |, 


wheie pi ~ initial pressure of air, 

Pj == piebsuie at intercooler, ^ 

Pj - discharge pressure, 
n =- index of compres'^ion curve 

Determine smtable diameters and stroke for a compoimd doublo-actmg air com- 
pressor for the foUowmg conditions 

p^ ^ 14 lb per sq. m , p^ « 120 lb per sq in , Temperature at inlet « 20°, i ii r « 100, 
r p m ~ 100, Aveiage piston speed « 450 f p m Take w - 1 35 and neglect clearance 
Ans. n p. diametcT, 9| m,, l p, diameter, 16;! m. , stroke 2 ft 3 in. 


6. Two-stago compressor. (B Sc ) ^ 

Show that in a two-stage air compiessor the work done is a mmimum when mter- 
epolmg IS perfect and the mterstage pressure is the geometric mean of the initial and 
final preasuies. liHnd the foot-pounds of work necessary to compress a pound of air from 
16® C. and 14*5 to 600 lb. per sq, m , if ihe law of compression is fv^ «, <; and iniei- 
eooling IS perfect. Am 124,400 ft.-lb, 



]!20 ^rh( Thi'fh'ij ivnd Pj'udi<‘f' of .in' ^ offil if .Ui' Mnlnn 

7. Htjrse-power u\ a compound air compressor with imperfect interctMjJhm. 

id SrJ 


Tht* h P, c’Jindcr of n •'■uinjjmH'id an' rouipiM's^nr dra^ > in t vn fi. oi an’ ii1 n t^'U^ 

prratine of 1,1 T <ind pH’-nav i.l ]h pci hl il nmipn l!ir ;nr .Hi}.?Pan* ;dk fo 

;if) Ih. in and tiion fiohuTs it uuotlio jpooivo?, nliore fhc air i- attokn ifi 2,1 t’ 

Thk u IMS lira \\n into tlson.f* rvlindoiMiKi SoHfilh. pit's*! in. 

am! ileiivin’t'd iniittlu' n-spunii PrmitluM n rho poinpios's/n' nojk*s;it inor p ni 

double jetni2- ’^Viiat pn ui tbe o-fci’it'i would pjvp the best ofnei* lU'V a-i?ituiu 
liU’ othfT data ii- alan i' ^ 

.'hiv. JUl-4 uj',; Hi) (i ii». [ifT ‘■aj in., till' t( inpt-rnt iir*' in (lio nd^'raoolt t b- uij 2<1 ^ 


8, Ratio of cylinder diameters, work done, ^ 15 Si . J‘i2 1 ) 

A air miHfirf'-wm is lodolher airal Silk lb j)r‘i"'a| in The f‘\ fjitdfu's have 

Ibe sariH^ stroke and lur i- ('oolcrJ to atmoKpbf’nc tt^rapCTatun* bl T, in tbn nitereootor 
Ueterniina tbe ratio ot pyiiodnr di*nnpb'fh su fimt I be power required to drive tie' ourn- 
pfes'sor sliull be a luiniiaunL Find tbe work rcHinbed t<i i-ompivsin and deh\er ,f peuiid ot 
nir, 

Take aluiospheric prrv^HUie at to jb. per Kq. in., and asoune afluibatie eolnpre.'SHbai 

Arn, 2*7 to i , iHAKHtludk per lb 

9 . Cylinder ratios for cUlferent indices of compressiott. {Senior Whituort b i 

The pt'4*«fiuni rut iom in both cylinder'' ofa i uYKstae<. ,«dr emu pressor are to be tfa* f*ame. 
,md the idr in i he intercooler is to be ecwiled to 2,1 ’ i I, Fintl the work done in t'ornpre^sm,/ 
I 111 , of air and also the ratio of cvlinder diameters. 

Assume Ibu of niroke of fheH.r. and p,e. eyiiriflers to lie equal, and (In? the 
indiw^s for the eompmssjoji t urves are Ml in die n.r, and !*2l in u.v. eylindei' 
Pressure limits are 12H and 15 lb. per sq. in. vltw. bl, M5f> it .dti, fwT lb, ; l*fit to I , 


Cylinder diamefors of a twti-stajle eamptmor alfovvitti^ for 

voltim^fric cdfidency. 



In a two'smge air compressor with ftompleto intriTOolum, 4iO\\ tliat the work dom* 
iiHJoinpTt'Habn m a minimum when the jiressure in the intninHiler is the creometne mean 
' of the foiliul and iliiai pres.s»rc.s. 

Asftimdng a Tolumelrie Adeney of 85 %, wlnitmwHt he the dirtmefrrof't he eylindert? 
:; of such tt Cmgleonding eampi'iwn- rntiidng »l ItH) r.p.m, whnki eompremes lid eu, ft 
• of freo mr imr min. and deUvits it at a gaugn prcwirt? of lb, sq. fo. ( Stroke for 
both ^tylinderf Is equal tb the ii.P. dkmefor^ Atmoapherie pressure 15 Ih, per 
y.aq. fo;,, , _ , . . . ' IHihi.M’dlin. 
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12. Effect of clearance. (B.Sc. 1926.) 

Diaciisa in some detail the effects of clearance upon the performance of air compressors. 
Obtain an expression for the volumetric efficiency of a single-stage air compressor 
in which the compression ratio is r and the clearance ratio is c. The re-expansion curve 
iivdy be assumed to follow the law pu” =? constant. 

13. Ideal interstage pressure. Heat rejection. (B Sc. 1929.) 

Prove that in two-stage air compression worlnng under ideal conditions, with no 
cylinder clearance volume and with mtercoolmg to the initial temperature, the efficiency 
is greatest when the intermediate pressure is the geometric mean of the highest and 
lowest pressures. 

If such a compressor worked between 15 and 136 lb. per sq. in., the index of com- 
pression being 1 *3 and the initial temperature of the air 27° 0. , find how much heat would 
be given up to the cooling water during the compression of 1 lb. of air (a) in each stage, 
(6) in the intercooler. {Gj, = 0*238; G^ = 0*17.) Ans. (ff.) 4*9 o.H,tr.; (6) 20*46 c.h.u. 

14. Work done in two-stage compressor. (B.Se, 1936.) 

The cylinders of a two-stage air compressor have the same stroke and the ratio of 
their diameters is 2*4 : 1. The delivery pressure is 500 lb. per sq. in. and the air supply 
to the compressor is at 14*7 lb. per sq. in. and 17° C. If the temperature of the air leaving 
the intercooler is 40° C., find the work done per cu. ft. of free air delivered when the 
compression in each cylinder is adiabatic. 

Would you expect the actual work done as measured from an indicator diagram to 
be more or less than this? Give your reasons. Am. 10,086 ft.-Ib. 


15. Maximum weight of air. Ratio of bores for two-stage compressor. 

(B.So.1931.) 

In a two-stage air compressor the law of compression is pv^'^ = constant and mter- 
cooling is effected to the original air temperature of 16° C. Find the maximum weight 
of air which could be compressed from 15 to 600 lb. per sq. in, per n r. per hr. Find also 
the ratio of the cylinder diameters if they have a common stroke. 

Am. 15*54 lb.; 2*513 ;1. 


16. Power for given size and speed. (London B.Sc. 1933.) 

Es 3 timate the power consumption of a single-stage double-acting air compressor, 
given the following particulars: Cylinder diameter ~ ilj in,, stroke 8 in., clearance 
V'oiume 3 % of stroke volume, delivery pressure 5^= 80 lb, per sq. in. and suction pressure 
« 13 lb,, per sq. in,, r.p.m. — 350, and com|>ression and expansion curves of the assumed 
, diiigram follow the law 2 ?#'^ ?=» c. ' - , , 40 h.b. 

' t ^ ' ( 

' j \ < I I 

47. oomj^ressor.’ ’ _ ' ; ' ' ^ 

' ; Ini ies|t pf a watet-laoketed turbo, air compressor the following results were obtamed: 

' ; . . Air tmpefatihre 60° F., pressure 14 Ibi per sq. in. absolute. 

' \ pressure 3001b. per sq„in.' absolute, i 

, , inlet 60° Fr« outletdOO°F. ■ , , ' ‘ 

' ' ' ' ' - -I . ' ’ j ' ,1 
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('ii'culctteH U^Kt lli [kt min. 

VoluiruMiHrwNnr rnmpit'SMMi 24,001 > f-u. ft ])ei tnni. 

Fnici the h v ipiiuiicd to drive the compre^sm, if the dtsehurifo In ft. ohu^c* the 
?«mtion inloT, chsHnuv" .$fc*a 0*47 ‘'•q ft., ‘irndion 4 m| it , spmtie \f(hime fit .\,t i’ 
12*30 < 11 . 0. jK'i Ih . .‘^perith' hiNit .0 coii'-t.mt i3l'3 fi.-ib. per Ih. 

, 4 /^. 2204 liJ’ 


IS. Adiabatic efficiency of an air compressor. ^it ItMu , 

IhstiriLOUsii eardully between im ndnihatie ami an iMnjfojpie opentf inn. 

A eeiiirifn^ul eompie.«.sor deliver k I20II». nt’siir {>eriniimt<*at ;i f»r<**'>uie f4 20- 1 lb. per 
in. vthen eompresMiip: from J 4 7 n> per .^t{, in. and 15' 

if the tenj|ierat nre of the air <h‘hvere<i is MhV and no heat is addnl to the air irmn 
external sources dtirine eomprossinn, deternuno i he efHeitnH*y of f he eompt ev-iir relate e 
to the ifleal adiahfitie amt estimate the horse power ehsorlx'd. 

Calmilate also the c^hnuAe m entropy of the air tinrinu eompo's-iion and '»ket.*h th< 
conipressiun process on st tern ptn’atnre-cnt ropy diaeratii. 

Ann. See p. IK). 77 UKha h.i^; (Htl3 Kmik. The gairi in </; is <lne to internal 
frii'tioii in the coinprc‘S,-or. 

< to appl)i«'i fkTJionlli s iheorem to the problem it w ill he m en that the work done /sn 
thii eofiipi’CHsiMU eycb, per lb. of an*. - t'-y VV- - Hf*77 r.ii.r. 

ffbSe. Fart ll 

19. A twO'Stajru air eotnpi‘e,Hhor willi eoinpletr* interenolinj* lieliverK air to th<* m oiva at 
a pressuin oiTittO lb, per Hq.in.,the snHimi condition -v beiiiif 14 lb. per w«p in,, and 15' \\ 
If imtii eylimim have the same stroke, Hnd the rniio of the eyhnder dinmeteis tor tie* 
efficiency of eomprestsion to he a niaxiiwiim. 

Takiito an index for the eompn^sion of Ml, timl the work don<‘ eu, It. o! bee .nr 
fiL4iVery and eonipare it with the jsotherinal work. 2* W1 : 1 ; Hi 


Part H, imn.) 


2&. hi « two^'ltnsresinuh'amting air eoinpmssor the eylhidm* din meters are t4 in. and 
in., and thest;rok«! ; the? Hpneci is Sdttr.p.rm The. (.tompressordeak with 75 ew. ft, 
of fiw iiif ta*r min., the atinospherle pressure bein’* !5 {h, pta* sf|. in, i«id the 
, ’ The MS.i* ^uth(^ eylinderis M lb. |«'r sq. i»„ and in the. «.i». 52 lb. p^raq, in. 
tho delivery pn'HSure is 1 Ki lb, per sq. in. 

the efileiormy «f the t^impreHaor* when {'onipartwl with tW| isothermal 
/jbhipriwtoif, m t\vo«stago adhtbaHe cumpW'Hshto with prfeet intercooler, the presame 
, ' mtfb being Iho muae for each »bign. _ , >' Am. 02 %; 7J4 


, , 2I> for a dii^ot lietfol driven siir 
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the engine b.m.e.p. 60 lb. per sq. in. and the mechanical efficiency of the compressor 
9(if %, determine the necessary cylinder dimensions. 

5*82 

Ans. Compressor bore, 7*27 in stroke. Petrol engine, 

V V olnmetric efficiency 
5-5 in. bore; 6-88 in. stroke. 


EXAMPLES ON THE EFFECT OF INTAKE CONDITIONS ON THE 
OUTPUT OF COMPRESSOES 

1 . At a mine situated in Colorado the average day temperature in the intake of the 
compressor was 110° E. and the night temperature was 50° F. Assuming the barometric 
pressure and speed of the compressor remain unchanged, by what percentage does the 
output, in lb. of air per min . , increase at night ? Arts. 11-6%. 

2t At an elevation of 8000 ft. the barometric pressure on a certain day was 10-8 lb. 
per aq. in. (i) Assuming isothermal compression, what was the compression ratio of a 
machine that produced a gauge pressure of 85 lb. per sq. in. ? (ii) For the same gauge 
presasure, what is the compression ratio of the machine when situated where the 
atmospheric pressure is 14*7 lb. per sq. in.? Ans. (i) 8*86; (ii) 6*78. 

3. By what percentage must the displaced volume of a compressor be increased if its 
output of free air must remain unchanged when the machine is removed from sea level, 
where the barometric pressure is 14-7 lb, per sq. in., to an altitude of 10,000 ft,, where 
the pre.ssure is 10 lb. per sq. in.? 

The clearance volume is 5 % of the swept volume, the expansion and compression 
indices are 1*3, the compression pressure — 90 lb. per sq. in. gauge, and the difference 
in latitudes causes the atmospheric temperature to be almost the same in both situations . 

A7ts. 9%. 

4. To what percentage of the swept volume must the clearance volume of the com- 

pressor in question 3 be reduced, if, for the same swept volume, the output must remain 
unchanged? Am. 3-62 %. 

Compressed air motors. 

In general air motors cannot compete successfully with electricity, so that it 
is only on work where the use of electricity woyld be dangerous that air motors 
Me employed. 

The most general types of motors are: , 

„ (i) The piston type, which resembles a steam engine. 

, (2) The rotary type, with its many ramffications. 

The piston type varies from the power hammer to winches, locomotives, and 
, yarious radial engines, and, for a given power, consumes less air than the rotary 
fo^, becat^Be of the r^uced leakage and of the greater expansion that is possible. 
| This, iiow4yer>, is secure^i at the expense of a heavier, more involved, and 
shore oostly.;mechanism.’ . ‘ 
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Rehuatinji of stir* 
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{if a Hiippiy ih availafilo). Thi*4 h tmi'anw the expHiitihiu air end draw tt|»tns tin* 
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On large plant: 

l^iectric motoi eitcioiicy = 95 ''* 0 , 

Mfriianical efficiency of rompi'egsor = 90 %, 

Isotliermu,! efficiency of compressor on indicated work = 80 %, 

A compound Iioist lias an efficiency of 50 %. 

.. Overall erne leiicy = - — [ 0 (p“ ~ =34%, 

For small jmenniatic tools which consumo 35 ou. ft. per minute per b.h.p. the 
uvciali efficiency is of the order of 14 %. 


EXAMPLES 


1 . Combined air compressor and air motor. (B.Sc. 1933.) 

An air compicssor woiking continuously compresses air ailiabatically from atmo- 
sphi'iio pressure and 288“ C. absolute to a pressure at which the absolute temperature 
IS T^, The compressed air passes through a pipe without loss of pressure and is cooled 
to an absolute temperature of the air passes into the cylinder of an air motor and 
(‘vjiands dowm to atmospheiic piossure. Prove, neglecting clearance in the two cylinders, 

that the latio Work developed by m otor 

Woik put in to compressor 

IS given by 

If the higher pressure is 10 atmospheres and is 473° C. absolute, calculate the value 


of this ratio. {C\ 


0-238; = 0-1G9.) 


Ans. 0-843. 


2. Air motor, (B.So. Part 1, 1938.) 

T’he supply to a compiessed air motor is at a pressure of 140 Ih. per sq. in. absolute 
and at a temperature of 40° 0., and it exhausts at a pressure of 15 lb. per sq. in., the 
expansion boiug according to the law pv^ = constant. If the cut off is at 25 % of the 
stroke, calculate the consumption of air per horse-power hour, and the temperatme at 
the end of expansion. Neglect clearance and take pv ^ 95-7 T, Ans. 37-9 lb.; 51° C. 


3. Compressed air system, (B.Sc. 1926.) 

In a compiessed ah* power system the air is compressed adiabatically in the com- 
pi essor from a pressure p^ to a pressure p The eompressod an then flows through a long 
lengl h of pipe without frictional loss to an air motor, in which it is used non-expansiveiy. 
Show that the overall efficiency, neglecting clearance effects, is given by 



Show also that had complete expansion (adiabatic) been arranged for in the motor 
the overall efficiency would have been given by ® ^ 
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States of mutter, 

\V It h ie'v exu'pi inn>, ino i ‘'uiisl.uicis ( ini*^hi >*, Solids, 1 ic|Ui<ls, \ apours, 
orfiusestf 1k' (jinlitioo dt |>niflu(i iipmi th< pj»*\ nlm„ ftffjtn uon , no no sio 
Tlir f hartiiO fioin mu -‘taK* oi pli/M* to ,uiiniji(*i i-* n!t(M ( 1< d* i*t mI i 

< xnimpie IIk* iiet/iuu ni IhiiIihu of watf‘i SuhstiHn c > iirjt.! pitf it, ho^wi* ? ft 

bf in i'ttfno t iitiini'itan* <*i a*' sfthd^. »mfl in ol!}*‘t». {itjiijii "O “'b t » '< l 

< l.iwIftMtion bofonus diftii nit wo < onvider iil*' fl hi* t < 

wltidi ii.Ltun* (lof*- nt)i finHlufo. 

All idf^i) Miliii putsifSNt* ftotli ii^iflitv iHni bulb modnii h* it imJ < t 
'fhoaiiop or diiot I it uill rlfforin until oipublfrnofi ol lout i wtt r'UMi 

A Iluid has.febnlK inodnlii', but iiojk'uiit>: Jhui u f.Moiot {nUfiftr ttd‘ m t 

a k liefir. 

In rouiuion ultfi .1 vuH, a Wf pour roiii plot ofy \(* t*{ .<tirb t ont mt r 

utub intuflbunv riroutnst.uuss, it koadK rfuupus.Mblo 'nu‘dt tiu^uu'fi o* t^M ' 
ib(' t«o, h un<‘ ol irrujirratiur. Ikbw ttu' Critical tempeiatine * > 

p. } bJ| a \aponr Iaa,^ Ix’ li'pudioti at foustajit bunpi latuo b\ po -vtiM iloi < 
abovf* tlu' tfuupi luttirr \u* ba\r a uaswbbb h inilupu tabbs 

briiy iikb at a loin poratuK* titrvors^ o( ilu* rntu.d ink *00101 **jf * 

u drn.'‘ity tu td ii> rknsily 'Uirii .0 low ffoipoi *tu‘o^ fua 

ti‘tfip(‘i iluro^ iu «»! the ontirui preveiU <UMUit.»fuMf fit ib** uud* » fib >< t » 

form u Hili‘ 1 . 

Kquilibriiim between vnpour liquid and solid slate. 

il ij portion td iris <u‘ miow. in trapfHxi bfiK'atii a an- tS’?ht piuom and tb>- 
pisbui is ralx'd the tonijimlfm* beiitq maintMiiiHul fondutit vupout it po* 
dweed \uthowt liijwbwdhm, until, idternuiNhierahlr lime, tin* plowin' bofom**- 
p', Ik* Ice vapour or Sublimationpre&sure.'*’ 'nu*ooiirium‘<l oidaorfl mfdum*}} 
the pintori <ioes not uilcetf the vapour pmHrttire, but nu*i**ly tlu‘ m.i^h of i*‘t* 
evaporated, 

iiad a liquid been trapjnxl brn«*idh the pist<m, amt the poxens repeate*! 
saturaWd vapour would bo generaioii imtil, at a dtdinite prexhUff* t he Katum- 
tloa prefluure eorreaijotiding to the temperature the jm^sunj would tnase b* 
iw. 

If the proettfts la rereraed* li<|uefa<}tion and aoUdifivation may bf* realkMt. 

Efap»niUloti« 


IS msf^m of a liquid or solid k exposed to any apaee not saturated with 



127 


Vapom's 

remains constant it will continue until the space is filled with vapour. The 
amount of vapour that the enclosed space may accommodate depends entirely 
upon the temperature of* tlie liquid (producing the vapour), and evapoiutiou ceases 
V'lien the partial pressuie of the vapour is equal to the saturation pressure 
coiTcsponfling to the tenijierature of the liquid. The kinetic theory explains the 
])roces.s of evaporation by the non-uniform distribution of velocity of the 
molecules. The high velocity molecules break through the surface of the liquid 
and carry vith them kinetic energy. Without an external supply of heat, therc- 
tbie, cvaporalion will cause a diminution in the temperature of the liquid. 

Boiling. 

Boiling occurs when heat is added to a liquid at such a rate that its temperature 
is at least equal to the saturation temperature corresponding to the Total 
pressure over the suiface of the liquid. If the vessel is open to the atmosphere 
the vapour disjilaces entirely the air from the surface of the liquid, whereas with 
evaporation the vajjour is removed by diffusion. 

Formation of a vapour under constant pressure. 

In most vajiour machines, wJiether steam engines or refrigerators, evaporation 
and condcnsalion proceed at constant 
{iressure. This may be simulated by con- 
hidering an ujiright cylinder fitted with 
a friclionlcss piston loaded to produce 
the desired pressure. 

.Since, of all vapours, steam is used by 
engineers to a far gi’eater extent than all 
others, the Zero of internal energy for 
steam (see p, 45) is taken as 0°C.; for 
then complications due to a change in 
state from ice to water are avoided. For 
convenience, also, our calculations are 
based on 1 lb. of fluid. 

(bmmencing tlierefore with lib. of 
liquid at 0®C., and having a speciflo 
volume Vi cu, ft., the first operation is to 
force the liquid into the cylinder against 
a constant pressure p lb. per sq. ft. 

Tj’eating the liquid as incompressible, 
and assuming no heat flow from an ox- 
temal source, mechanical work, to the 

extent heat units, is done by the 

feed pump in raising the piston. This is said to be External energy. 



Fig. 50, Generation of a vapour at constant 
pressure 




XoKt, iiu* (>{ heat, to tlie liipiKl ta.UMjs a-ti in trnipnrat nr*' 

aTiil voliJinn. liiiiii, al a tfrUiu Saturation temperature ihn Inpinl noH ^ 
J mat Sit4u rated and vajjour apjsears. Hr* eunt iiiiied .nldjtion oj heat tiou ineiejv 
pinduees inure vapour without any iiicreH^e in Teinpefalure 
Tiie javliiiifiii.rry lieatinp: (d'tiie liquid eaii,M‘fi a use ui tianpehtlnu* and 
teniperanire can be dctecLcd by tiie llie iieat ub'^uriaai in ruMhc tie* tt nv 
jH*jfdurc from u i\ lu // bi known a.i tlin Sensible heat (/q ot tlu: viater tlie. 
H'larion belweett h and L, Iminp, given a|ipr(».\iiHii.tel_s by 

4 - .s7,;- 

where .If ns the .specide heat ul llm liquidj and JuaN or tn.iv not la* a limtijon nf 
temperat.ure. 

The lar*re aufiount id' heat required to tetir ntoloeuhi.”, trom the HUrJaa'c t»f a 
liquid in the 1‘oriiuitmu of a vapour ami to do external work, con^xapient on tffC 
irierea'^e in volume. U known lift the Latent heat (/^nince this heat in not mani- 
lested in any of’ the other operations of the fluid. t 
'Jlic \apoui; ill contact with ibs liquid U saiil to be Saturated, .-irice the 
f-liji;htest diminution in temperature of tlie vapour will catij^e ii b> drop moiriltne. 
When the lust drop of .suspiuifled lupiid has been itvaporarcd I he v.ipour 
to hit dry and saturatedf-- saturation now jifts-sibly itpph iug to the heat conumt 
of the vapour, Hinee U4iy further addition of heat jnodiRTS a SupufhuufiHi 
vapour. 

If t,he Specific volume of the vapour is dimot eri by then the ext ernal woik 
donij during evaporation (negledting the small inereaHi» in ridume ol the Hnid 
from ir' €. to ih given hj 

I (f.- i’ll- 


11us quantity is often raferred to as the External heat of vaporisation, w hibt 


P. 

j 


L-~’. 


is known as tlie Internal latent lieat and hj storwl as inoleeuiar Ofierg>b The 
amount of thi^s heat is indepetfvient of the way lu wfdeb this stid^ had been 


> , ' ' 'Oopupenelng. with a liquid at t*"" (1, the Totail heat (/4) must be eiippheil 

a diiy^'^turated vapqur is (h4 1), mBxpmihu of great 


’ I y 'i , 1 I , ■' iti ■‘‘'I > 
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lodynamics, and is built up from tke terms shown below: 
the vapc Total heat of a vapour 

. ! 

+ I B, I I ^ , 

le by External work Internal energy External work Internal energy 
*/»! »urap due to the acqmred during due to the due to a 

conuens expansion of the heating of formation of change of state 

”'4 be the liquid the hquid a vapour 

Important. Callendar’s 1934 tables have been used in the text, so that the 
an*; rs to various problems on steam may differ a little from those given by bis 
cables. 


Superheated vapour. 

The name implies a condition in which the heat content of the vapour is in 
excess of that required to produce a dry saturated vapour. 

A superheated vapour is produced from a saturated vapour by the continued 
application of heat, provided there is a moderate amount of thermal insulation 
between the liquid and its vapour. If this insulation is not provided, the heat 
supplied will go to evaporate more Hquid. For this reason superheating is usually 
carried out in a vessel separate from the boUer, and the greater the superheat the 
more nearly does the vapour obey the laws of perfect gases. 

In an unstable state a superheated vapour may be present in contact with its 
liquid; for example, in steam pipes the surface may be coated with condensed 
steam, but the core of the rapidly moving steam may be superheated. Because 
of good thermal insulation and high air temperature we have superheated steam 
present in great quantities in our atmosphere. At nightfall we see this steam as 
fog banks over water, whilst lower temperatures still produce a general fog, 
which, incidentally, dries the remaining air. 

The heat that must be suppHed to 1 lb. of dry saturated vapour to produce 
a superheated vapour at temperature tg^ is given by 




The difference is known as Jhe degree^'of superheat, and;Sf the average 
speoiHo heat. , 

In general is a function of pressure and temperature and maybe obtained 
from steam tables by taking the ratio , 




,, . ' , ^ difference in- total heat of superheated and 

‘ , 'dry saturated steam at the same, pressure 
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Pi, Ti and are fixed, and the symbols with suffix 2 will, m geneial, appear 
w ithout a suffix, whence 

= ^ologclj (j^,) +^log,(J^) + con.tant 

( 11 ) 

Ex. Obtam the cntrop 7 of steam at 100 lb per sq in if the diyness fraction is 0 8 

(а) tiom the steam tables, 

(б) from the entropy diagram, 

T xL 

(c from the equation log^^ 4--^ . 

270 i 

(f>g at 100 lb per sq m (Table I) — 1 6079 
at 100 lb per sq in (Table I) = 0 4749 

=1 1330 

^^^J, = 08xlH3 = 0 9070 

<p^ = 0 4749 

^^at 1001b per sq in ,0 8dry, = I 3819 

Alternatively ^ « (1 — a;) 

Fiom the T(^ diagram 0 = 1 38 

• • ri ”” etr^n 4* .nm — 1 o7o« 


273 


437-6 


Ex. Calculate the entropy of water at 164 28° C. (i e. 100 lb per sq in ), using the 
equation 


^ = loge 


T_ 

273’ 


Compare this lesult with that obtained by the exact expression which allows for 
vaiiation in specific heat ai?^*-‘^eam m solution. 

, . /2734'16428\ 

« logJ ^ j « 0 4709. 

AHowing for atoam m solutioix, we have 

V 1 

(0016024-0 000042 x 42) 496-7 


T V L 

Ji, jL^ ij£t: -0 OOOOl 


=0.08986 x 04709+- (443 _00178)«7 6 

=a.0-489+0O(K68*04736. 
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1 , 'fatal fieut of steam from T*;) chart. 

By nic.'in'^oi ,1 7Vjf dini^oafo Jiml thoantnunt <4 uh.ih ?nu * 5f- -ipi’h. ,| 

(4 water at 2 .“> ii iiifO'tto.tni at Mm (“ (jn 4 o‘^jh’,. 5 

2, r^y irifMsi- *4’ (‘allriiflrrr''' icvjNcd tabic. |i|ut. uTi Ma Offt - /'\W . t!}r^ 

w.itnr. .‘.HUfation and -.tiiun’lioat loifM 

3, ihw ponnrl of toad watw at B) i \ bfjtjfd and bM'.ana.. MifwalraiMi at, a 

ffiniperature of :!20^ f . and at a firessfire of I5tt Ib |jar -it. ifj. rd«-oi i,to t!a of 

entropy, .trivon that Oie me#n ispet-ilk' befii of supedo-.Pcfi »iu‘f tho 

mnoe k O-tH. j.41 


'natf »v 


4. The Tilt fimgraiis applied to you has iiie water line |,4o{ifii ?>ufu tie* 

ihM*usstherali(b'fyoftfikt*f|uatioiL niut in ve'woftb neas? n-.^ 


of iii^h*prf‘SHuiv stofon, m what way would tbk nave -diow a oaMhheaMou b ^'refp 
Hcaaracj k mpimal { § 


5. CaWato the ebiUi|fes of inttropy of I llo meteury b»r thr' folkwhjk'^ oii^raMoUf*; 

heating Uqiiid frotn ‘tftt) to tl(t7 F., {h) ovutioiatloo to dry \a{«jnr a! 

lot) Ik per sq. iii. uliis. and (c) miperheatiiig al this prewfire m tPi»i# f, Tair dion 
froiu the Iblbwi'ug table : 


Prefisuro idrs, in 
ib, per sq, in. 

HU 

mn 


dViu|wa‘ntttro 

'’F. 

400 

875 

im 


Heat id bijind 

ii.T.i', 

12“ t ’ 

. 28“ I 


Luti at Uv/ii 
n r i\ 

12^-3 


Meim Sjajfdia heat of Huperhealed viqioHt tt*02|T. 
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u (‘(mMniit cvpanMVnu the hinetic enem Of \ tOnpf 0 0un!i" .ulieJmt ie rv 

pali^io^ bein^r eveittiially <ii>‘<ipate.d as heat riariiicr t \\v ciawhiUt prf‘--Ause H'f. . 

Tn the ,-?uperlieateO region l!ie loan*? of the cnmer e' nf t he hkm v, Ipf p 

reprmmth the toral heat at r\ is again thetotal heftt eniae that tlin»?i,(h e’ 


Throttlitig at a turbine jsovernor. 

To maintain pivejw* speef! regnlatinn the eontro) valve ot'a turbine lanernor 
eanses a presf^ure diop «i Itt (f the initial orthe >team k.ViM H) ]jor m, 
abHoIutn at KKf (!. superheat, tind the tiiuil state, and tlte uain in entropy t*f tin' 
‘^teant. 

As UuH pi‘(iiiloni is outside tfie province of the eoninu*rci;d 7]) ehmi, v,e mu-4 
solve it- by another method 

Using steam tables, 

Total heat at nt»0 lb. per stj. in., i(Mf' <t. superheat . is 7thM*o uji. 

Allowing for a drop in prcsstire at eousiatit- totid heat, the pHN^ute 
is 430 lb. pf*r W|. in. and tlie .superheat to give a total heat of ojl* , is. by 
interpolaiifm in 'rable il, 


( ^ lh\ ™ superheat. 

at -JaO Jb. per siip in. and iUlbiU" stiperliea! 
at 5ti0 lb. per Hf(. in. and ICttU superheaf- ^ I *300 

/. Uain in entropy <1*1112 Hauk'^ 

Reversible adiabatic operaticn {Jseiitrnpic).* 

In an adiabatic operation no heat ealoric hcat- is trftU*iferf**d lo the 
vapour from an external aouras and thewfhm front the eopHiJFvatirm c»f ert<»ru>% 
p* Id 


, dkl3Kpdr4'#.i';.) d 

da 


#t i« P (I) 


,, Further, from the definition of entropy, ^ 

Hence it followa from (1 ) that with dQ mm m««t ft1*io Ik? aetti. A twrsible 
adiabatte operaiion theroforo takes place at eomUnt entropy, attd the work dcnne 
'japropOjpMohal’to the area between the coaataiit yolnme lineithmigh ihcinitial 
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On the pv diagram the work is represented by the hatched area, the value of 
which may be computed from equation (1), thus: 

n-j 


0 = pdv-{- 




d(i.E.). 


.( 2 ) 


I.E. 


These integrals were evaluated on p. 49 and gave 


J{n-l) 


= (1.E.1-1.E.2). 


.(3) 



expansion index is variable. 

Work done during the adiabatic expansion of a wet vapour. 
- From the definition of internal energy on p. 16, 




J 


' ! T "to T ' 
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Method (5). The work done during adiabatic expansion is given by 
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7-1 


and 7 must be determined from the equation Pi{x^Vs^)y = 

This method is most convenient for small pressure drops. 

(LC.E. 1936.) 

Ex. By means of a Ttj) diagram, find the total heat of 1 lb. of steam at 225 lb. per eq. in. 
and 0-97 dry. 

Find the final state at 20 lb. per sq. in. if 
{a) the pressure drop is obtained by 
throttling, 

(6) the pressure drop is obtained by 
adiabatic expansion, 

(c) the pressure drop is obtained by 
constant volume expansion. 

From the diagram shown in Fig. 63 
the total heat at 0-97 dry is 



6[7*66 (12 - 10*7) + 6*97 (6*83 + 1*07)] 

:i=s 649*5 o.H.xr. 

tables :£5 655 c.H.tr. 

(а) Final state after throttling. In 
this case the areas with diagonals must be 
equal, and on satisfying tWs condition it 
will be found that the steam at 201b. per 
sq. in. is superheated to 136° C. Degree 
of superheat — 25*2. 

(б) Adiabatic condition = 0*84 dry. 

(e) Final state after constant volume condensation. The constant volume line 

through 225 lb. per sq. in. at 0*97 dry cuts the 20 Ih. per sq. in. line at 0*1 dry. 


Ex. Adiabatic expansion and throttling of wet steam. (B.So. 1938.) 


Steam initially at a pressure of 200 lb. per sq. in. and dryness fraction 0*95 expands 
adiabatically to 100 lb: per sq. in. and is then throttled until it is just dry. Find, using 
the steam tables, ' . 

{a) the external work done, per lb. of steam, during the adiabatic expansion, 

' {h) the increase in entropy, per lb. of steam, during the throttling process. 

, - ^ . ft at 200 lb. per sq. in. . » 197‘5 



asL, at 200 lb,, per sq. in. - O’06 x 471*2 « 447*5 , . 
' ■- - , -645.‘0 

^Jat20p^lh.:^rsq.''ia. » 1*5525‘ ^ 

'V per sq.in. f«'0'6447: ^ ' 

!, ‘ ' /■ /«too78‘ ' 
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i44 r 

"" uiw ^ " r j *’*“‘*'' 

Wtirk (lorn* nn rniinbatir* <*xjjansioti iK> 25 5 t\u .i . 

Tho n’ttdi*r »h««bl m>lv« Ihih exainpJw by itihvr »n*thn(lH ilnlaiiisl n» p, Ib'^. 

Esc. A4itbatic o! stsam » I I W. } 

D«cia<?e en e^ipreusion for tha antw^py ai nupertmimi Btmm r«pkimt4 from 
ftt 0’ C., ttad oaltmlii-ta Uta atilropy of I ik of atmm at S Ib. per Btj. to, and dryifirwi O'bS. 

If ^ utaam 1$ compr^iiad adkbatii^Iy U> 120 lb, par aq. io.f mlruiaie it$ tarn- 
pvatiire m4 total enet^* Taka tbe iped6e heat of aQpafbeai^ iteam m (b5S. 

f li f 
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^ 1-7155 


Tor wet steam at 3 lb per sq m. : 

333 9 0-89x561-8 
liog, 27^+ 333 9 

at 120 lb. per sq. in. fioni tables = 1-6935 

p 

^ due to supeiheat = 0-53 log^, = 0-1220 


0122 


T = 444 9e« ^ T = 542° C absolute. 


Total heat of diy saturated steam 
at 120 lb. per sq. m. = 663-5 

Heat to superheat — 0-63(542-- 444-9) — 51-5 

Total energy ‘ = 715-0 

This solution can be checked very readily 
by means of the diagram shown m Fig. 56. 



Ex. Hyperbolic and adiabatic expansion of steam. (B.Sc. 1936.) 

One cubic foot of steam at a pressure of 260 lb. per sq. in. and dryness 0-88 expands 
to 00 lb. per sq. m. Calculate the final dryness of the steam (a) if the expansion is hyper- 
bolic, and (6) if the expansion is adiabatic. 

If the latter is represented by the equation =* constant, find the value of % which 

satisfies the initial and final conditions. 

The quantity of steam does not enter into the problem; but since entropy is employed 
in the solution wo must consider umt mass. 

With hyperbolic expansion, pv - c. 

Specific volume at 250 lb. per sq. in ~ 1-852 cu. ft. 

250 

Volume at end of hyperbolic expansion = 1*852 x 0-88 x-^ = 6-8. 

SpceMc volume at 60 lb. per sq. i«. = 7-16. 

6*8 

Dryness fraction » =» 0-948. 


Adiabatic expansion. 

Initial entropy: 

at 250 lb. per sq. in. ~ 0-669 

at 260 lb. per sq. in. ~ 0*88 x 0-9662 = 0-850 

~ 1*419 

at 60 lb. per sq. in. ^ 
at 60 lb. per sq. in. * 0-992 

at 60 lb. par sq. in. ~ 1*2206 

a 
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7 . Steam at a pres&uie of 40 lb per sq in has 50° C of superheat The steam expands 
adiahatically until it becomes lust saturated What will then be its piessure'* 

Ijt = constant is tiue foi this expansion, find the value of n 

A71$ Fmal pressure = 19 0 lb. per sq in , ?i = 1 32. 

Note. Volume of ] lb of the superheated steam at 40 lb per sq in and 
60° C ~ 11 96 cu ft Volume of 1 lb of satuiated steam at 19 lb. per sq m = 21 cu ft. 

(Senior Whitworth ) 

8. One pound of steam has a dryness fraction of 0 75 and pressure of 100 lb per sq m 
It expands in a cylinder until it is just dry and the analysis of the expansion gives 
pv = constant Plot the expansion hne on a diagiam and find the heat exchange 
with the cylinder walls during expansion Fmd the amount of useful work this heat is 
responsible for and also the thermal efficiency of the operation 

Ans. 248 5 0 H u. per lb , 34 c h.u. per lb , 13 7 %. 
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volume are far more easily realised than limits of temperature, so that at present 
no practical engine operates on the Carnot cycle, although all modern cycles 
aspire to it. 


(2) The Rankine cycle. 

In steam plant the supply and rejection of heat is more easily performed at 
constant pressure than at constant temperature; and although engines have 
operated on this principle since the time of Watt, yet it was not until 1854 that 
an attempt was made by Rankine to calculate the maximum possible work that 
could be developed by an engine using dry saturated steam between the pressure 
limits of the boiler and the condenser. Two years later Clausius developed a more 
general expression for the maximum thermal efficiency of a steam engine by 
allowing for the steam being wet initially. ^ 

Except for the adiabatic compression ad on the Carnot cycle (Fig, 65) the 
Rankine and Carnot cycles are identical. 

In the Rankine cycle we commence with Hquid at the lower temperature and 
pressure, Tg, (see point a in Fig. 66). The pressure of the liquid is then raised 
to by adiabatic compression ab in the feed purhp. The increase m temperature 
consequent on this compression may be of the order of a few degrees Centigrade, 
and is represented by ab on the chart (Fig. 66), the equivalent work being 
represented by (abgJi) on the pv diagram. 

From 6 to c the liquid receives sensible heat at constant pressure Pi to be 
followed by evaporation, which may he partial at d, or complete at dj, or ftequently 
a superheat is imparted to raise the temperature at constant pressure to 5?^ 
(which is located by point dg). From d, or dg the vapour expands adiabatically 
to e, Cj or Cg, the expansion curve on the pv diagram being discontinuous at / 
because of the change from the superheated to the wet state. 

The last operation is condensation at constant temperature and pressure 
(i.e. isothermal compression) until the fluid is returned to its original state at a. 
The hatched areas on both diagrams represent the work done on this closed 
cycle, , . , 


Approximate expression for the work done on the Rankine cycle* 


Even at th^ present time the majority of vapour engines using steam stih have 
the maximum pressure far removed from the critical; so that, the triangular 
strip in the liquid field, is too small tq merit consideration. 

; ! IJsing this approximaMon the work done is equal to thd total heat at d, d^ or dg 
, , ' ' mums the ^aiheat at s, ej^.or Since these heats inust be ‘measured at constant 

] ' entropy, thqmethods dekfied on p. 16,8 Ik' obtaining the dryness fraction after 

- ■ - < ' ‘ ^ - .... 




per sq. in. and expandhig it to 4,1b, per ^q. in. 
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Tho vs- oik (lone dining the isotheimal expanbion = 




PiVi 


Wolk done dmmg adiabatic expansion = 


p, V, _ ^ 

n-^1 


Negative work done on isothermal compression = = p> 2 ^ 2 ' 

Net work W ~ ^ 1 ^ 1 +^^—— 



Fig. 07. TheRankine cycle on the^iv diagram. 
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In the problem pg and % axe known, and n can he determined from the dryness 
fraction thus. / 
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Fig. 69. 
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Fig, 70, Organs of the Rajakme vapour cycle. 
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(h) the .^teaiu is dry and saJmateri: 

(r) the Meatu Isswiierheateil i". hd ThH %;(/#) hd Id-u-'';, 
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(B Sc. 1931.) 

6. Exj)]am cleaily with, the aid of diagiams what you understand by the Rankme cycle 
A luibme is supphed with feteam at 1 80 Ib. per and 280° C. and exhausts into 

a condenser wheie the vacuum is 28-6 in. ot mercury with a barometer leading 30*3 in. 
Assuming an efficiency latio oi 0*05, find the steam consumption m lb. per b.s.p. hour. 

Ans, 10471b. 

(B.Sc. 1933.) 

7 . Explain why the Ranldne cycle, lather than the Carnot cycle, is used as the standard 

01 reference of the peiformance ot steam engines. 

In a steam engine plant, the steam supply is at 180 ib. per sq in. and dry saturated. 
The condenser pressuie is 3 lb per sq. m. Calculate the Carnot and Rankme eficiencies 
of this engine. 

The efficiency ratio of this engine is 60 % and mechanical efficiency = 90 %. Select 
a suitable boiler efficiency, and estimate the probable overall efficiency from coal to 
brake. Ans. 27*8 % ; 25*3 % ; 8*9 % ; Boiler efficiency, 65 % . 

8. Steam is supplied to an engine at a pressure of 150 lb. per sq. m. absolute and the 
exhaust temperature is 50“ C. The engine uses 17 lb. of steam per i.h.p hour. Draw the 
Tjt diagram for the Rankme cycle; and determine the absolute, and the relative, thermal 
efficiency of the engine. (Feed temperature = 50“ C.) 

Am. Absolute efficiency, 26*35 %, Relative efficiency, 62 % , 

(B.Sc. 1937.) 

9. Describe, with the aid of sketches, the Rankino cycle, and explain why this is 
adopted for steam in preference to the Carnot cycle. 

The steam supplied to a turbine is at a pressure of 200 )b. per sq. in., superheated to 
260“ C., and the pre.ssure in the condenser is 0*85 lb. per sq. in If the steam consumption 
is 1 1 lb. per b.h.p, hour, express the efficiency as a percentage of the Rankine cycle 
efficiency. Am. 63%. 

(B.Sc. 3936.) 

10. One pound of steam at 250 lb, per sq. in. and 0*96 dry expands adiabatically to 

2 lb. per sq. in. Using the steam tables, determine the work done per I lb. of steam 

on the Rankine cycle betw'oen the above limits, and also the work done during adiabatic 
expansion. Am. 168*2 o,H.tr. ; 149*8 o.n.Tr. 

(Junior Wliitworth 1936.) 

11 . It is desired to investigate the possibility of using a fluid other than water as the 
working substance in a heat engine plant. State the properties necessary in suoh a fluid 
and the tests which you W'ould apply to a sample submitted. 

What fluid other than water has been used on a commercial scale in a power plant? 
What property would you look for in a fluid for use in a heat engine plant which com- 
prises a turbine, which you would not consider to be necessary in a plant which com- 
prises reciprocating engines? 

Am. High latent heat, high saturation temperature, but medium pressure. Good 
conductivity; chemical and physical stability, and the fluid should not attack ordinary 
engineering materials. Mercury. The specific volume should not be abnormally small 
at the high-pressure end of the turbine nor unduly large at the low-pressure end, and 
expansion should not cause the vapour to become unduly wet. 



The total heat entropy or Mollier diagram. 

AH w!if‘th«‘r refiprocat ors ur tiirlaiic*''. mh a llanljM"' 

u-}iirh tiliiilaly jnudjltrd, (•Apni'^ion h>' 

ailiahaiir, and may He ifK'Oiuplett*. prini'^iunal ’.^e f,>ti 

cotisHier flu- Hankiiie cycle i.-; ielio^u'd and sim c the verk doiif* nji tUs-. ' h- ] ' 
thofiiHWfwe heiaeefi the Hoai uiitl initial total heat^. '•nhjeeJ to the Mnsditjou 
that these heals are measured at constant entropy, it wouhi appc.a that .t 
chaii- which eu-oiHlitu}.te:4 total heat, and entropy would la* very v;dnahic h»r 
firing a rapid .solution to problems eoniieded with .ste/im en^jrines or refnccratoi.c 
It was in HlOt that Ih’ MoUier coftopived the idea td" phdtintjf total heat ugfon .i 
entrojiiy, and his diitgram is u^etl uK^re widely than any other entropy difeiriiia, 
sinoe the work done on vapour ey»des can he se.aled from this diaLoam dyrcth 
as a length; w hereas on tije Ttji diagram It Is represented hy an art'a. 


Plotting the diagram. 

From fiteam tableM hath the total heat {Uid entropy water ami >teHrn. hn 
any p-articnlar pressure, civn Ik? ohlainefl. and <m jdottinir these heats aiomea v 
two poittis i ami 2, Fig. Tii, result, wltieh define the ends ot' a eimshuit pif's^ine 
line in the wet region. 

Now hinw the total heat of wet steam k given hy H - und tor ^iny 

parti(‘ubr pix’ssure f ami are then a \itwi%v relkthiu ♦‘Xists hctwH*n 

}/ and mer the wet r(?gion; faenee the join of 2 defines a eonstant piT^mv 
line, the ends of which lie on the hmindary between the Ikpnd, HWperhmf . and w et 
regkaiH. 

Now mm*, the vertmil intercept «f the line 1. 2 represents the latent hf*at 
then suhdiVtHifm of I, 2 inii> ten equal parts will give dryness fiwrtioiH of uq, 
0*2, h’fk and hy dividing all c^mstant presswre lines tn those pf»q#ortiori#* 4nd 
|oming the ofirroappriding ptiliitH,a system of constant dryness lines will re?f*dt. 

In the superheat region the constant dryujosH llneH are i:^qdaeed )jy Isotherms, 
wthkhheepme almost straight, for high degi’ees of sUfmrheat, whilst the eonsiant 
pressure lines In this region are alw’ays oufTcd. 

Fig. 72 sliciws the amklete // ^ diagmm for water and steam. 

With wT'kw W employing a ^ge seal^ an ^ chart of modenite 'dimensions, 
jpuMished cha^s.deal duly with the total, heat anti, entropy itoam'lpr the 















183 


Entropy 

the steam expands adiabatically to c, and since be represents, to scale, the 
difference in total heats, i.e. the adiabatic heat drop (a.h.d.), when measured at 
the same value of then be must also represent the work done on the whole 
cycle, not merely that due to adiabatic expansion {see p. 167). 

The efficiency of the cycle is given by bcjbd, and since the only important 
quantities that are connected with this cycle are heat drop and efficiency, then 
the yellow area has no significance, and therefore the H(p chart need not be large 
enough to include it. The sensible heat being obtained from steam tables. 


Throttling operation on an H<p chart. 


'I'i 


During throttling the total heat remains constant; so this operation is repre- 
sented on theH^ diagram by a horizontal 
straight line (see Fig. 73). 

Poly tropic expansion. 

Owing to friction the expansion in 
most turbines is intermediate between 
a throttling operation and an adiabatic 
expansion, and therefore it is represented 
on the H(j) chart by a curved line. This 
curved line ah, Fig. 73, may he regarded h 
as the result of an adiabatic expansion, 
ac, which is followed by reheating, cb, at 
constant pressure; so that the efficiency 
ratio of the operation is adjac. 

Ex. On the use of the Mollier diagram. 

One pound of steam at 250 lb. per sq. in. 
absolute and 0*95 dry expands adiabatically ■ 
to 2 lb. per sq. in. absolute. Using the Fig. 73. 

chart, obtain the work done during adiabatic 

expansion, the work done on the Rankine cycle, and the reheated condition of the 
steam if the relative efficiency is 70 %, 

The cycle is shown in Fig. 74, from whieh the adiabatic heat drop *= 171 o.h.u. and 
the final condition of the steam is 0*7502. 

How' 171 is the work done on the Bankine cycle between states 1 and 2, whereas 

the work, done on adiahafio expansion alone is the difference of the internal energies 
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171 (iwx b-9S X 1-852- 2 x 0-76 x 173-6)^ 



«‘lS2;6c.k.u. 



hrrn iirojt iitih'-cd -0*7 ' i71-^sl3) r 0 r , llif* jern^iHiOrr pff ^ trt rrfu 'tt ‘i> 
'-(:<*.5n} tu a tHJiKhiHtii fit.', {''iti, 71) 


Ex. A liirho {v(’f| puHtj' I’ff f tin'Jnnf" at 27** lb pt'i 'j jti 

at) (’ -.npu'ht'.n init fhxst’htit.' rafhtH'mfns m ju ih*' rs!..'/ls‘ i (•'% i* 

Jt ’.util ;hi i-'xIt.uHf n{ Ittlh, |»rr '.■»| i?i jiijMtluO' lli*- U'!.iti\!‘ rtOi is tn*- 

tuiiiiiH’ is tM’\j ;i]3({ it lu-'i of Mtr.n f pr'r Ih. »)f ‘trati) fi.'SMji*. jn^t iiiiTa t > 

; h<t^^ the s’.v^ f’‘ '>ti att *‘)uirt ami obi nit f m* s Im. ii ta v atiri ihtt 

n‘iatn(‘ tst tilt* total ashnljitli* ia*.il «li«>p 


Krujii Fi)^. 7.1 tht‘ n\t'ral! (-ihfMvnf ■^ 


,s:> s 
oi-i 


14 


fi 

a* 


rsjLitiu^ to thf* totai .uli.'iftatit hfMt rlrop 
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a 

fv 
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EXAMPLES 0% THE Vm iW TliE ISWMEU DIAUliAM 


1 , |iouud of stspflim IliO lb. ptT % hi, «b.«ir>lutft mitl lb!) dry to II lb. pr 

b. ab«liitse. Fbut the w<irk doiso on it4liabiilus awl hyprboHn awl 

iho heafc Bair ihfoiigh the t''yliiidei* walk ^ 

^ ' ■ /diM. Work 'dom\ 1,3241 04i,t;4lleafc BoW| ItMt'k, PtO. 
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Hence find the heat drop per lb. where dry saturated steam expands from 250 to 
0*2 ib. per sq. in., given that the adiabatic index suiting these conditions is 1*117. Com- 
pare this value with the heat drop obtained from the chart and also from the steam 
tables. (Temperature at 0*2 lb. = 284*8° C. absolute: G = 0*2.) Atis. 230 c.H.n. 


(B.Sc. 1936.) 

5. Steam from a boiler at 300 lb. per sq. in. pressure, and temperature 275° C., passes 
along a pipe to a reducing valve, where the steam is throttled down to 1001b. per sq. in. ; 
the temperature leaving the reducing valve is 175° C. The steam then passes along a 
second pipe to an engine, where the dryness fraction is measured by passing a sample 
through a throttling calorimeter. The readings at exit from the calorimeter are 15 lb. 
per sq. in. pressure, and temperature 110°C. The steam as it passes along the pipes is 
losing heat to the walls, but it may be assumed that in the reduemg valve and calori- 
meter there are no heat losses. Make a careful sketch of the portion of the Total energy- 
Entropy ch*art involved, and indicate the processes passed through by the steam. 

Determine from the chart 


(a) the dryness fraction of the steam before passing the reducing valve; 
(5) the dr 3 mes 8 fraction of the steam supplied to the engine; 

(c) the total heat loss from both steam pipes per lb. of steam. 



Fig, 76, 

Ans. {a) 0*99; (6) 0-966; (c) 65 o,H.xr. 


(B.So. 1940.) 



expansion td: W per fq.^in, the, steam is' reheated to 260° 0,; and after fetheir 

^expansion t<? 60 lb. per sq; in.',itds agi^in rehpated to 200° C* Indicate, by a sketch of the 
heat-entropy di^ajn> the^aiicms,.s%es of the cycle, and, calculate the ideal 

||f tj&is .result Mtk’th'e eM^noy'bl thd ^tankhie 6yole for the same'iiiitial , and 

^'finalpressures, %nd mentkm any prs^tical points for aM against the r^eating oyole, 
i ,■ ‘ 33*8%;’34%, 



' 7ik 1 1 / J ' >■' 0 
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To (4) in of p md t» wo bovo, by (5), 
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It the temperatuies fluctuate over wide limits, then 

T. 


= «„ Jog. ^ + p ( r, - r,) + 1 log. 


whence 

Zero of entropy of perfect gases. 




.(9) 


It IS convenient to legaid the lower limit of (j>, i e, as the K t.p. condition of 
the gas. _ 2730 

Change of entropy when the expansion follows the law pv^ = c [Poly- 
tropic expansion]. 

It was shown on p, 60 that the heat added when an expansion follows the 
law pv'^ is 

Q - T — ^ X Work done, 

^ 7— 1 


whence 

,, dQ Y-n pdv 

T~y-\ JT' 

.. .( 1 ) 

But 

pv « RT. 



. p R 
•• T" v' 

..••( 2 ) 


■D /o\ • n\ y-nEC^^dv 


, , y—nM^ Vo 

log _ 


But 




TM-i 


Ijs/ 


7-1 J 
and 


^ - r 


=c. 


y-n 


log ^ 




Ex. Entropy of a gas. 


....(3) 

(B.So. 1929) 


Penve an expression for the change in entropy which takes place m a gas when it 
expands or is compressed according to the law pvi ^ « 0 
The maximum pressure in a gas engine with compression ratio 6 to 1 W|^ 00 lb. per 
sq. m.; the pressure at the beginning of compression was 14 lb. per sq. inl|B|lute, the 
temperature being 100* 0. The index of compression was l-SM^summgthelJihbustion 
to take place at oonptant volume, the ratio of specific heats as 1*38 and the specific heat 
at constant volume as OdS, find the changes in ^ {a) during the compression stroke, 
(h) during combustion. 



riTtJ 


The change in 0 when a gas is compressed according to the law^>y« = c is given by 


\ ^ MV 
V W 


n I Vi 


:. T2= 373x6»35 = 700“a 
P 2 = 14 X 6^'®^ = 158*3 lb. per sq. in. 

r, = j^x700 = 1766»C. 

= 0-18(l-38-l-35)logsi = -0-00968. 

During combustion the roluiue remains constant and the change in ^ is given by 


, , „,oi 

= OMe-jr = 0*181og,^ 


+ 01666 . 


(B.Sc. 10*37.) 

Ex. The air in the cylinder of an internal combustion engine at the beginning of tho 
compression stroke occupies 2'5 cu. ft., the pressure is 16 lb. per sq. in., and the tem- 
perature is 100® 0. It is compressed to 0*2 cu. ft.-, a-nd the pressure is then 400 Ib. per 
sq. in. Heat is now added at constant volume until the 
pressure reaches 800 Ib. per sq, in^ Hind the change of enn i = « . 

entropy during each operation, and state whether it is 
an increase or decrease. 

Assume that the specific heats of air remain constant, 
and 0'238, = 0+69. 400 Lb. per SqJn. 

mi » ' 

' The, change in ^ during compression . ® n. 

T l5LB.p6a5Q.liN. 

'._ = d;Pl)Wperlb.ofair. ’ ^ 


•(i5T)‘“««|rP6r«)-ofair. 
' 400 /2'6\w 


m 

'’IS- 


Fig. 77, 


whein,e'' 


n » I'S, ; 7 1*407, M ^ (23^+169) x 1*400 w 96*6, 


'I. ’M .If ’v/’s’-y--' r , 'j’ . "C ’-i „ It f 

'b^ 'jnfir t I ^ 
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During the constant volume operation 

= cm.y„ = 


= 0'169 X 0-161og,|^= +0'0176. 

(B.So. 1938.) 

mixture consisting of 1 volume of CO ^ to 4 votames of N, 

rJm m and20°C.Ifitiathencompres3edtol0011).persq.m.,acooramgxor 

in volumetric heats — 1*98. ^ 

T, IpA^ _ 2.^ = 293/™j^ = 375-3“ C. 


T, 




-T — 1 

Constituent 

CO 2 

Ka 

Volumetric 

analysis 

%« 

Molecular 

weight 

M 

K, 

% vM 

% vK„ 

1/3 

4/3 

44 

28 

7*3 

5-0 

8-81 

22-40 

1-460 

4*000 


1 — 31.21 6*46 


D36 

f 546 

fi =s 1*16 
y — =s: 0*21 
0*21 


K ,, « 7*44 


. 1 °'^^ifS- 46 loe-^ = -l-8*8. 

Change in ^ per mol =q:i5><“«“ “8.375.3 

15 273 o.finRmi ft 

Volume of gas at N.T.Pr « 4 X X 293 

3*806 ___ AT Ago 

l^raotiOn of a mol *= ggg — * 

‘ (Change in^ ' ?=- 9 -<Q' . 

. Tempeifft^regatropyaiagtamfora ias- „+;™.mav be plotted 

i,\;:Tiib.ithree'j^Wee,^.f,P-Ox^,f,t>y 


' ■: ;•'. 21 ;: ■ ' '...j 

^ : ,'.f' ..... .e. 


S'‘J^>)'' t., ^'‘■iV 1"''' ■''.!■ t-l v' 

&" j .' 'I »“ .i> lU,-' .it'. •“ ' ’ * 

' 'a'-'v \ v> 


iniihe 




Sdectmg values of p, = U'V. 2x 14-7, 4. 14-7, etc., Iog„ becomes log, 1, 

Io« 2 log 2x2, etc., and the result of varying is a faMy of curves, the 
Lo^ontd distance between which, at the same temperature level, is constant. 


[■■■■■■■iMMSBWiBB 
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ve Entropy ^ -f*ve 


i^ig, 78, Temperature eatropy diagram for a perfect gas. {Not to seale.) 

1 ' . * I * \ h 

By'(l)i fehe equation to the first curve is 


Second curve is ' * , ^ = C^'ioga 
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The pound molecule diagram. 

When a number of gases have to be dealt witli, the use of one pound as a unit 
on which to calculate ^ would involve the construction of separate diagrams for 
each gas, because of the changes in and C\ for each gas. Had the “mol” been 
adopted as the unit, then the constancy of volumetric heats for all gases having 
the same number of atoms per molecule would enable one chart to be used — ^to 
a fair degree of approximation — over normal temperature ranges. 

For a diatomic gas, 0^ in equation (7), p. 186, is replaced by 7 and iu (4) 
' ^ by 6, whilst BjJ = 1*985. Substituting these values in the appropriate equations 
gives the change in ^ por mol. 

More precise values of 6^, and are 

0^ = 6*84-0*00055ir, 

Q, = 4-81 + 0*000553'. 

I Principal changes in state of gases on the diagram, (i) Isothermal 
expansion (Constant temperature). 

If the temperature remains constant during a pressure volume change the 
operation is represented by a horizontal straight line on the T(j> diagram, and a 
hyperbola on the 'pv diagram. 



Now since the temperature remains eonstanr wicj 
and therefore 

Heat added = f r# = Work done 


constant there is no gain in internal energy, 


R. 'D, R, Vo 


R. Pi R. Vg 

Change in ^ 


(2) Constant volume operation. 

If the operation takes place at constant volume no external work is done, the 
whole of the heat supplied, G,{T,~U going to increase the store of mternai 

The change in ^ = (^2-^1) = Cijiogejf = 



Change in I.E. 


Cy 


N.T.P, Condition 


A.^souuf? ZcAft 


volume operation 


' . 

"I' IS' ' ' 

'■ .I*,;' 
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(ii) That which increases the store of internal energy. 


The work done ~ ~ (t? 2 “ %) - {Op - Q) {T^-T^. 
The change in (j) = Op log, ^ = 0^, log,^ . 

J-t V-t 



(4) Constant entropy operation (Isentropic). 

, In this operation no heat Q is added from an external source, 

' . ' • — ^ —o' 

‘ ' I ^ ^ * ’ - , ■ 

W * ' > " ^ ^ I t. >'■ - , 

^ '■ ' 

' - ' 0n4lie'iZ^^''0hayt, T'ig/S2; 'tIier^for6i the oper^ion is. represented by a yertioal^ 
straight^'hne, ;wM although l it does not subtend an area, yet the work done 

th^ ’|^^‘,diagran^ by subtracting the final internal energy 
the wort, or,' since the constant 
Volhme cwf^'are: 'paral^^^ aiidthbreforo the work , is also 

44Pl^iiii^%thehat<^edareaofboth T!^andpi;diagrains. , ,, 
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(5) Polytropic expansion, pv”. 

In practice, expansions and compressions follow the law « c, where % has 
a value intermediate between 1 and y; so the curve which represents this opera- 
tion, on the T(j> diagram, lies in the area bounded by an isothermal and an 
adiabatic through point (1), Mg. 83. 

The change in <j) due to polytropic expansion is given by equation (3), p. 187» 

By varying the ratio the expansion curve may be plotted on the T(/> 
diagram. 


Ex. Polytropic and constant pressure compression. {B.Sc. 1934.) 

Derive expressions for the change in entropy per lb. of gas when being compressed 
(a) according topv” = c; (b) at constant pressure. 

Compressed air at 120 lb. per sq. in. and at 20° C. 
is supplied to an air motor. It passes first through 
a preheater, which raises the temperature to 77° C. 

The index of expansion in the motor is 1‘3, the ratio 
of expansion being 4:1. (0^a=0*17; Cj,* 0*238.) 

Find per lb. of air {a) the increase in entropy in the 
preheater; (6) the decrease during expansion. 

See p. 186 for proofs. 


(a) 

(i) = 

Increase preheater 

= 0-2381og.|^ = 0-04235. 

Increase in ^ during expansion 

' =. o-n l(^ = 0-02354. 

Throttling of a gas. , 

Throttling bporatidns cause beginners considerable difficulty, because, in 
conmidn wi^h o|ieratiohs, there is no interchange of heat with’ an 

'.e^etetnal sdhroe;, biit with,^ a reyersible affiabatiq operation the entropy remains 



^90 Entropy 

Let piston (1) move inwards at such a rate as to madntam pressure constant, 
and piston (2) move outwards to maintain the pressure constant, then Eer- 
noulh’s equation for adiabatic horizontal flow through the orifice is 


ft + Zi 

Pi^i) 



yi 

2(/ 


+OJT,. 


(ir 


! 


AJso for continuity of flow, 

~ •^2/^2^* 



If the orifice is small compared with the size of the cylinder, the high kinetic 
energy, generated in the orifice, will be dissipated as heat and whence 

equation (1) reduces to 


Px Pi 




^ i,e, the total heat before throttling is equal to the total heat after throttling. 

With adiabatde expansion through the orifice itself, the total enoigy remains 
constant, in agreement with Bernoulli’s equation, but a large portion of this 
f . is in kinetiQ foxm^ so that the caloric heat after expansion is not equal to 


Seepr 3 10, 


V\* 
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Up to the end of the adiabatic expansion through the orifice the tlirottling and 
adiabatic operations are identical; beyond this, however, the throttling process 
is irreversible, in that the aequhed kinetic energy is frittered away as heat which 
reheats the gas, wliereas with an adiabatic operation it could be returned by 
fitting an expanding tube, as in an ideal injector, so as to compress the gas to 

Tlie heat change dining an irreversible opeiation is not given by Jr#, 

i e the area subtended by the apparent direct path of the operation, but we 
must follow reversible processes to arrive at the final state. In this particular 
case the processes are adiabatic expansion followed by reheating at constant 
pressure, whereas the direct path is an isothermal, since for no loss of caloric 
heat the total heat G^^Ti initially must equal the total heat finally, and 
if then Ti = and the hatched areas in Fig. 85 are also equal. 


Ex. Total heat and entropy of a throttled gas. (B.Sc. 1933.) 

Define the total heat of a substance. 

Find the total heat of 1 lb. of air at 100 lb. per sq. in, and 100° C. If 1 Ih. of air under 
these conditions is passed through a throttle valve without a gain or lo&s of heat through 
the walls of the valve and the pressure is reduced to 50 lb. per sq. m., find the change in 
entropy of the air. {Oj, «= 0-238, G^ == 0-169.) 

The total heat of a gas is the sum of the internal energy and the pressure energy, and 
IS usually measured relative to 0° C. 

Total heat of 1 lb. of air at 100 lb. per sq. in. and 100° C. is given by 

= (7.(T2- T,) + r = 0-238 x 100 = 23-8 0 .H.TI. 

Change in <j) at constant temperature 

= -■flog.-” = (0-238- 0-]69)log,2= +0-04785. 


Ex. Otto cycle. 

Draw thdpv and diagrams for an Otto cycle in which 1 lb. of air at 14 lb. per sq. in, 
and 90° C. is compressed to one-fifth of its initial volume, after which heat is supplied 
at constant volume to raise the pressure to 500 lb. per sq. in. ; adiabatic expansion then 
restores the air to its original volume. {G^ = 0*17; y * 1-41.) 

The pressure at any J|g>int on the expansion or compression stroke is given by the 
expression 

Hence the two curves (1, 2 and 3, 4) may be readily plotted against p?? axes, since the 
initial state of the air, the explosion pressure and the value of n are given. 

On the chart the adiabatic operations are represented by vertical lines 1, 2 and 
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Ex. The Diesel cycle. 

Dia\^the^?«;and7'56(liagramsforaDiesolcycleinwhichnb ol iirati4ib persq m 

ind 90° r m compiessed tlirough a latio of 14 to I Heat is then added until the volume 
IS 1 7 times the volume at the end ol compression, after liliith the an expands adia 
b itioally to its oiigmal volume (Take Gp-0 23S and y = 1 41 ) 

The pv diagiam is plotted fiom the gas relations 


aud 


T, T. 


The change m <j> is given by 

^2-^1 = jlog<,^+ O^hge 

At constant pressuie, ~ 2^2/^!* 

At constant volume, 


EXAMPLES 

1. Find the change m ^ when 1 lb of an at N T P is oompiessed to 2 cu ft at 553° C 

absolute {0^ == 0 2376, =:=0 169 ) Anb -0 0051 Rank 

2. One-tenth of a pound of air has its temperature raised, at constant piessuie, from 

0° C to 100“ C What is the change m Ana 0 0074 Rank 

3. Show that when a gas expands the heat supphed diirmg expansion is given approxi- 
mately by the pioduct of the change m and the mean absolute tcmpoiatuie durmg 
expansion 

4. Calculate the change m entropy when 1 lb, of air changes from a temperature of 
330® 0 absolute and volume 6 cu, ft. to a temperature of 66^ C absolute and volume 
20 cu. ft 

If the gas expands acoordmg to the lawjpw'^ = c, calculate the heat given to 01 extiac ted 
from the air during expansion and show that ifc is approximately equal to the change m 
^ multiplied by the mean absolute temperature 

0 1816 Index of expansion, 0 63, Heat added, 79 5 0 h u ; by the approximate 
method, 80 3 c h u. 


5. Emd the change m 0 when 2 lb of an are compressed to one-fifth ol the initial 
volume, fiom an initial temperature of 280® C absolute and pressure 14'7 lb* per sq m, 
absoUnte 



is isothermal; 

is330®C absolute, 

, find the heat rejected from or received by the aar m 
0# -61*8, 0, -504a.H.m 
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(BSc 1925) 

6. A quantity of air having a volume of 2 cu ft at atmospheric conditions of 14 7 lb 
per sq in and 15° 0 is compressed accoidmg to the la'V' pv^ = c until its prossme is 
120 Ib per sq iii Find the change m internal energy, and the change in enti opy of the 
air The specific heats aie 169, (7^, = 0 238 

Am, +2 33 0 H u , -0 0797 Rank. 

(BSc 1932) 

7. Derive a general expression foi the change of entropy taking place when a mass 
of gas expands 

In a gas engine the compiession ratio vi as 6 to 1 The temperatuie and pressure at the 
begmmng of compression were 80° C and 14 lb per sq in The compiession mdex was 
1 32, and combustion took place approximately at constant volume, the maximum 
piessure attained being 360 lb per sq m The specific heat of the mixture at constant 
pressure and at constant volume can bo taken as 0 25 and 0 1 8 respectively Find the 
change m entiopy per lb dm mg {a) compression and (h) combustion 

Ana = 0, log. log. 0 0226, 0 1585. 

U Vi 

(BSc. 1939) 

8. Derive a geneial expression, m terms of the imtial and final temperatures and 
volumes, foi the increase m entiopy of a gas when heated Hence find the change in 
entiopy, state whether it is an mcrease or a decrease, when a quantity of air which 
occupies leu ft at a pressure of 500 lb pei sq m and 1000° C expands to atmospheric 
pressure, the index of expansion bemg 1 35 

Am A-^i = (?,log,^®+jIog.“VrH'-; 

durmg expansion 9^2 “ I 1 “ 5 

\ ^ / fi 

mcrease in for 1 cu ft of air = 0 015 
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MIXTURES OF AIR AND STEAM i 

Dalton’s laws. 

On p. 25 it was proved that, in the case of a mixture of perfect gases, each gas 
exerts the same pressure as it would if it occupied the vessel alone. The same is 
approximately true of a mixture of vapours which do not interact, the mass of 
a vapour to saturate a given space being independent of the other occupants of 
the space and depends only upon the prevailing temperature.* j 

A special, and important, ease of such a mixture is that of the moisture ladened 
atmosphere,! where, in addition to air, we have water vapour or steam, the state 
of which depends upon the degree of saturation. On a hot dry day the steam is 
superheated and invisible, at nightfall it may partially condense and form a fog. 
Before condensation, however, the steam becomes dry and saturated at a pressure 
which depends upon the prevailing temperature,! and which may be found from 
steam tables. In this state the air cannot accommodate any more steam without 
a rise in temperature, whilst, should the temperature fall, condensation of the 
surplus steam is inevitable. 

For a given barometric pressure the presence of steam causes the partial 
pressure exerted by the air to be less than the barometric pressure, according to 
the relation given by Dalton: 


Total pressure = Partial pressure of air + Partial pressure of steam. 

The partial pressure of the steam cannot exceed the pressure corresponding to 
' ,the temperature over the water surface from which the steam is coming, and in 
, gener$.l.it wfll be less, so that evaporation will go on; but without a fall in tem- 
perature it would tahe an inMte time to saturate the air, or, more correctly, 

, the space. , , ‘ ^ ' 

In connection with air-steam mixtures we are usually interested in two things, 
the degred ef saturation, and the heat content of > the mixture at the giten 
temperate^. In cpndeiiser probleins it is often the 'pressure and s^jecidc volume , 

' pf^imafrjtyldchwe,^ . , ' ; ' ' 

1 1 it ^otdd be observed that the^preaeucje or abtooe of air plays no part in 

j space contaimg t»he liquid, ; 

idVsfeirJy. partly satui^ated/of^ , 

, > h ',1 y “ iTf . ■'-jiV/u y' , V ' 

'] <■ ">1 1 ' ‘ ( . i', i ij 'i < ’ i j 

not' chatged^ by -• '! 
ft ,isj3dQj%^gs;in.'^/heatcap^|ty 'in'Any'-; ! ' 

v'ji "''■’'A* ' 
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bone dry, and we base our calculations on one pound of air and its associated 
vapour, rather than upon a pound or cubic foot of the mixture. In a closed 
vessel containing a liquid together with air we may, as a fair approximation, 
regard the air as saturated if the vessel has been closed for some time at constant 
temperature. 

(B.Se. 1935.) 

Ex. The volume of a small experimental boiler is 6 cu. ft. When under atmospheric 
pressure of 15 lb. per sq. in. at a temperature of 15° C. it contained 1 cu. ft. of water, the 
rest of its volume being occupied by air. The fire was lighted, and when the temperature 
inside the boiler was 141° C. the stop valve was still closed. Pind the pressure when this 
temperature was reached. 

Neglecting the slight change in the volume of^he water, and the initial water vapour 
in the boiler, find how much heat had been given (a) to the air, (6) to the steam formed, 
Eor air Qj, = 0*238 and = 0*17. 

At 141° C. the partial pressure of the steam = 54*00 lb. per sq. in. absolute 

Air pressure, neglecting the initial water vapour at 15° C. 



Total pressure in boiler at 141° 0. ~ 75*56 lb. per sq. in. absolute 


R « J{0„^C^) ^ U00(0*238 -0*17) = 95*2. 

And since jpv = wRTi 

15x144 (6-1) 

9S-2\^(27S+16) 

Heat given to air = 0*17 x 0*394 [141 ^5] = 8*44 o.H.ir. 

Volume of steam formed ft., aiSi^wiJ]^ specific volume of 7*928 the weight 
of steam formed ~ 0*631 Ib.i 


Heat supplied per lb. of st 

But in this case the steam ’ 
must, subtract the external 


;)pstant pressure » 

W 1 ®) = ^ 39*5 o.H.Tr. ^ 

^'*^'^?§kstant volume, so we 


7-928 

' ^1400 


=« 44*0 


Heat supplied to steam per lb , '/ ' * « 595*5 o,a.tr. 

Het heat supplied to steam in vessel - 0*631 x 595-5 «« 376 o.n.T;. 


Water ' (B.Se, 1938.) ' 

in a closed yesselvAt a particular instant, when 
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Tako B ~ 90 ft.-lb. per degree Centigrade in the characteristic equation for air. 
Total picssure ^ = 70 lb. per sq. in. 

Paitial pressuie of steam at C. = ^ 

Ptuiial pressure of air at 1 16° C. =8 lb. per sq in. 

Specific volume of steam = G’94-1 cu. ft. per lb. 

pv 8x6*944x144 nino'TU n c ». 
pv = wST. » = ] y = = O-l’S? lb. rr lb. of steam. 

8(192+273) ODD 11. 

An pressuie at 192° C. = 

= 190*00 


Steam pressure at 192° C. 
Total pressure 


s= 198*88 lb. per &q. in. at 192° C. 


Ex. Air in Lancashire boiler. (B.So. 1933.) 

During the “warming up” process in a Lancashire boiler the water stands at the 
usual level When the fire is hghted the temperature of the boiler is 18° C., the pressure 
in the boiler being atmospheric = 14*7 lb. per sq. in. Find the pressure in the boiler 
when the temperature has been raised to 160*5° C. 

Steam is drawn of dry and saturated at 192° C. What weight of air per lb. of steam 
will it at first contain? 


Total pressure initiafiy 
Partial pressure of steam at 18° 0. 

Partial pressure of air 


= 14*7 lb. per sq. in. absolute 
0*306 

= 14*394 lb. per sq. in. absolute 


Partial pressure of steam at 160'6° C. 

1 r • 7.onr273+160*61 

Partial pressure of air = 14*39 1 " 273+18 j 


70*076 lb. per sq. in. alisolute 
20*93 


Total pressure at 150*6° C. = 91*006 lb. per sq. in. absolute 


♦ 


Partial pressure of steam at 192° C. 


Partial pressure of air = 14*39 


[273+1921 

[273+18] 


Specific volume of air at 192° 0. = 

Specific volume of steam at 192° C. 

2*432 

Air associated with I lb. of steam « rx-rs 

13*47 


— 190*12 lb. per sq. in. absolute 
« 23*0 lb. per sq. in. absolute 

V. 


« 13*47 on. ft, per lb. 
= 2*432 ou, ft, 

« 0*1807 lb. 


Ex. Mixture of air and steam. (B!Sc, 1939.) 

Ahaijer is ha^ filM with water at 16° C. and 14*7 lb, per sq. in., the remainder of the 
^ v^finme ocksiupied by air* and the stop-valve closed. The temperature is then 
rAfeicd tOr W® 0. Find 

,dh. will now 

viMx will leave the etop-valve per lb. of steam when the valve 

.,'*1 
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Take U = 96. 

The total pressure initially = 14:-7 lb. per sq, in. 

Saturation pressure of steam at 16° C. = 0-248 

Partial pressure of air = 14-452 lb. per sq. in. 

Let 2«; be the volume of the boiler, then the weight of air present 


14-4 52x 1441? 

96x288 


= 0-0753v. 


> 


The specific volume of steam at 15° C is 1246 cu. ft. per lb., and as this is 
immensely greater than that of the air present in the boiler, we may neglect the mass 
of vapour at 15° C. 

The specific volume of dry saturated steam at 200° C. is 2*042 cu. ft. per lb., and 
if X is the reduction m the volume of the water due to the formation of the steam, 

the weight of steam formed = lb. 

V 

The weight of water at 15° C. = lb. 

The weight of water at 200° C. = 5:oY602 +6-000042 x 59*7 * 

The total weight of wator plus steam is invariable. 

V _ v+x v—x • 

Pl^""M42'^a6l853’ 

when a; — — 0*1497 v. 


1 


1 


The negative sign indicates that the thermal expansion of the water more than 
offsets the reduction in volume due to the generation of steam. 

The weight of air per lb. of steam 


For the air 


0*0753 u 0*0753 x 2*042 

(??+j»)/2'042 ^ l+xjv 


« 0-18 lb. 


T, “ T, ‘ 




I'i » 
TxV+x 


= 14-462 X 


m 1 

288 ^ 0-8503 


=: 27*9 lb. per sq, in. 


Saturation pressure of steam at 200° C - 225*0 

Total absolute pressure = 262*9 lb. per sq. in. 

Barometric pressure = 14*7 

Gauge pressure « 238*2 lb. per sq. in. 


Ex. Mass of vapour associated with 1 lb. of air. 

Find the mass of vapour associated with 1 lb. of air at 70'*F. if the total absolute 
pressure is 0*8 in. Hg. 

From steam tables the saturation pressure corresponding to 70°F. is 0*739 in., hence 
the partial pressure of the air is 0*061 in. 
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But , and dt N T p jJi = 30 in., ^ 492 and Vi = 12-39, whence 

2^1 2^2 


V, 


- _??_ X ~ X 12-39 = 6560 cn. ft. per lb 


2 “0 061 492 

Specific volume of diy saturated steam at 70° F. is 871 cu. ft. per lb, 

„ 6560 

. . Mass of vapour associated with 1 lb. of an - y-j "■ ' 


Ex. Weight of vapour and its pressure in a condenser. 

The volume of a condenser, which contains 0-1 lb, of air with the steam, is 98 cu ft 
The temperature is 45° C. and there is some water at the bottom of the condenser. Fmd 
the weight of vapour and the pressure m the condenser. 


147x12-39x318 


Specific volume of air piesent ~ 


Now O-lWj = 98. 


14-7x12-39x318 

273x980 


= 0-216 lb. per sq. in. 


Partial pressure of steam at 45° 0. « 1-367 

Total pressure in condenser 1 -583 lb. per sq. m. 


Specific volume of steam at 45° 0. *= 248-4 cu. ft. per lb. 

• 98 

Weight of steam present = 0-394 lb. 

Weight of aor present « 0- i 

Total weight of air and vapour in the condenser = 0-494 lb. 


Humidity, 

The amount of water vapour present in a gas is known as the humidity of the 
gas, and is a quantity of importance in air conditioning, condensers, eoohng 
towers, etc. 

Absolute humidity (a.h,) is the number of pounds of water vapour in one 
pound of dry air.* When expressed as the percentage absolute humidity, 
it is the number of pounds of water vapour carried by one pound of dry air at 
the prevailing temperature, divided by the number of pounds of vapoui* that one 
pound of dry air would carry when saturated at the same temperature, multiplied 
by 100. 


Relative humidity (e,e.) is defined as 

Actual W6%kt of wa ter vapour per cu, ft. of air at temperature f 
Weight of vapotir to saturate a du. ft, at teilapmtmeF' [i e? thd ~ ' 

density of steam at temperature i) 

dry aii we mean that it was dry befoto its association with stoanij 
. waiook upon it as having a separate existanoe. Some authors 

dt gi^ of steam oontamed in I ou, ft. of dry air. 
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This ratio is the same as 

Absolute humidity f or the given conditions 
Absolute humidity at saturation 

{ 

and may be expressed in terms of the pressure thus: ' 

Since the steam associated with the air is, in general, superheated, the law oi 
expansion will be ^ ~c, but, as the absolute pressure of the vapour will 
rarely exceed 1 lb. per sq. m., it will be sufficiently precise to regal’d the expansion 
as hyperbolic, the law being pu = c. 

Let be the partial pressure of the steam when the air is partially saturated ; 
Pg be the partial pressure of the steam when the air is saturated; and % be the 
corresponding specific volumes, and p^ the densities ; then, from the definition 
of B.H., 

mj, = =3 

Ps 

_ Partial pressure of steam present at temperature t 

' *" Partial pressure of steam when the air is saturated at temperature t’ 

j Dew point is the temperature at which the vapour changes from superheated 
1 steam to dry saturated steam; any further reduction in temperature causes the 
deposition of dew, the r.h. then being unity. 


Expression for absolute humidity. 


To obtain the absolute humidity per mol of gas, we have pv - 21 SOT, and 
since the equivalent molecular weight of air is 28-97, then the specific volume 
Va of the air at the prevailing temperature T is 


2noT 

jPa X 28-97* 


.(i) 


The steam, in being superheated, will also obey approximately the universal 
gas equation, so that its specific volume is 


2780T ,, 

To 


( 2 ) 


where is the partial pressure of the steam, and 18 its molecular weight. 

Mass of steam associated with one lb. of dry air (since in the mixture both 
air and vapour share a common volume) 






2780T 
p^ X 28*97 


2780J' 28'97 ’ 
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If the pressures are measured in inches of mercury and the barometer stands 
at 30 in., then, by Dalton’s Law, 

P<.+Pp, = ^^> 

whence . 


Humidity curves. 

By selecting various temperatures, the partial pressure of the steam, when the 
air is saturated, may be obtained from steam tables, and, by inserting this value 
in equation (3), above, the absolute humidity may be calculated for saturated air. 
For example, at 100°F. the pressure of dry saturated steam is 1-926, whence 
substituting this value in equation (3) gives 


A fl- ^ ^ = 0*0427 lb. of vapour per lb. of bone-dry air. 

28*97 (30-1-926) ^ ^ 

Continuing in this way, for various temperatures, the 100 % relative humidity 
curve may be plotted (Fig. 90). 

For relative humidities less than 100 % use is made of equation r.h. 
to determine for substitution in (3), thus: 


A.H. 


18 

28*97 (30- (».H.)j?8)* 


Taking the previous example with b.h. — 50 %, 



“ 2?97 (30-0’6x 1-926) 


ss 0*0206 lb. of vapour per lb. of bone-dry air. 


, By taking vaiious temperatures the 50 % R.H. curve may be plotted, and so on 
for othdr reMve humi4liles until a whole family of curves is obtained, as in, 
‘Fig.^QO.' ' , ^ 

A. horizontal line drawn on these curves suffices to show the -unsatisfactp:^ 
nature of ]^,h. from an engineer^ standpoint, when we are concerned with the 
’heating or .wlihg df air, a temperature rise causes a rapid diminution in e.h., 

' although, ths absolute humidity remains unchanged. , 

' , Jt sho^^ be obseryed, '9^ 



; ' iat, given eondiWns , ^ ' 

^A.n,‘at saturation , * \ '' ' \ \ 

obtained fe- 


ons 
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Drying by means ol warm air. 


A wet mateiial may be dried by the passage of a current of warm unsaturated 
air over it, since tins operation takes place at constant baiometnc pressure, the 
pailial pressuie of the steam formed cannot go to increase the total pressme, as 
the an supply is already at barometric pressure, and the total volume is not 
confined m any way. The steam formed, 
therefore, may be regarded as increasing 
the volume of the air by an amount 
which depends upon the humidity of the 
airand its temperature. The process may 
be experimentally illustrated by taking 
a laige flask and introducing some ether, 
afterwards corking and shaking the flask. 

The ether is evaporated at constant 
volume Vi, and if a supply of heat main- 
tams the temperature of the flask, and 
its contents, constant, then the pressure 
in the flask will exceed atmospheric by 
an amount equal to the partial pressure of the ether. 

If the cork should blow out, the pressure is at once released, and we can imagine 
the ether separating and being expelled by the air in the flask to be later com 
pressed or expanded isothermaliy to atmospheric pressure pg, so that its volume 
IS given by 


Associated Volume 
OF Steam at 
Barometric 
Pressure 



Specific Volume of 
Bone Dry Air 
Barometric PressureI 


Fig. 91, Humid volume. 


Vs 



( 1 ) 


This of course involves the assumption that the vapour follows the laws of 
a perfect gas. In the case of (ether or) water vapour, to raise its pressure to 
atmospheric, while its temperature is that of the atmosphere, is impossible. We 
might therefore regard some of the air as expelled and assume that its pressure 
is reduced to barometric pressure minus the partial piessure of the steam (this 
is actually the case). 

The increase in the total volume of the air, due to this isothermal reduction in 
pressure, is given by 


^2 -Pi 


2?* 





and sinoepi/pa is small the change is given approximately by as before, 

with moist air, the steam is more often than not superheated, and its 
P^e^ure is smallj so that it will obey approximately the law of a perfect gas, i e 



Si-HsB 


( 2 ) 
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We know that a mol, of steam at ntp. displaces 358*6 cu. ft [quite an 
impossible condition, of course, but one which we can use as a step in computa- 
tion] and since the moleculai weight of steam is 18, the specific volume of steam 


at N.T.P. IS whence equation (2) per lb. of steam becomes 

io 


Pi , 358 6 T-, 
i), ^ 28 492 


(with jP in °F ). 


But Z lb, of air, of absolute humidity a.h., contains A h lb. of steam. 

Fmal volume of the steam, when its pressure is hypothetically raised to 
normal barometric pressure at the prevailing temperature Ti, 

r . 358-6 T. 

= 

This is the amount by which the volume of air has increased, at constant 
temperature T^, due to its pressure having been reduced by that of the steam, 
whilst the total piessure remained unchanged. 

Specific volume of dry air, 

Since the equivalent molecular weight of dry air is 28-97, and one mol at k.t.p. 
displaces 358-6 ou, ft., then the specific volume at temperature f F., and normal 
barometric pressure, is 



This curve is plotted on the humidity chart. 


The saturated volume of humid air is the volume, in cub. ft., of 1 lb. of dry 
air, when it is saturated with steam at constant barometric pressure. 

From equations (3) and (4) this becomes 

m e'w ft /.OK 1x1 . / v358-6 (^4-4:60) . 

y ^ [11 -57 + Q-025B] + (A.F.) X (5) 



The graph of this equation is plotted on the humidity chart. 

If the humidity is less than that at saturation, then we multiply (a.h.) in 
equation (5) by the relative humidity (b.h.) or interpolate between the air and 
vapour curves to obtain the humid volume. 

The humid heat, is the number of heat units required at constant pressure to 
raise 1 lb. of air and its associated steam through one degree in temperature. 
Since the specific heat of air, at constant pressure, is 0*24, and that of low 
pressure steam approximately 045, the apecifio heat, a, of the mixture is 

s ^ 0‘24+ 045 (a.b:.). 

« 

Since ska linear function of (a.h.), it is plotted on an ordinate of (a.h.) on the 
humidity chart instead of on the temperature base. 
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Curve of latent heat. 

If the water supplying the vapour is at the same temperature as the atmosphere, 
then the only heat to be supplied, per lb. of air, is the latent heat to evaporate 
(a.h.) lb. of water. A curve of latent heats, on a temperature base, is therefore 
convenient for facilitating computations. 

Adiabatic humidification curves. 

In moat operations of drying, or humidification, little or no heat is supplied 
from an external source; the humidity changes being effected by an exchange of 
heat between water and air, so that we may regard the operation as adiabatic. 



■Water 5 PRAYS . 


A.H 5 tz 


Fig. 92. Humidifier, 

On this basis the total heat entering the humidifier (Fig. 92) must be equal to 
the' total heat leaving, and if we regard the specific heat of water as unity, the 
heat removed on evaporating the water from temperature into dry steam at 
imperil), of air, 'is (1) 

As a consequence of tliis evaporation the temperature of, the moist air falls 
&om to ig, releasing heat to the ej^tent of (0*244- 0'46 a.h.i) - ig) b.t.u. per lb. 

of w droulating. 

^ Equating these tyro quantities, 

' ’ ' ( 2 ) 

AltWfi^h this equation, is in its simplest form, as if makes no allowance for 
^up^heating the steam, yef if is not, easy to Bolve, since a.h. is a function of 


;jGfii! 5 p^habi% the supplest' mpans of solntibfi,'and even so further, simphificatioh 
ii.feirttlb; vthm*. \ ' * 
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Since L 2 is great compared with the other terms in the denominator, the relation 
between a.h.j and is almost linear (see humidity chart). 

A large number of these lines may be quickly plotted by iirst equating the 
numerator to zero, so as to evaluate when a.h.i = 0, and then taking the other 
point on the hne at the intersection of the temperature ordinate with the 100 % 
humidity line. 


Ex. On the use of the chart. 

Determine the initial humidity of air at 160° P., if, after passage through a humidifier 
of infinite surface area, it leaves saturated at 100° F. 

Fig. 93 shows the solution of the problem on the humidity chart. The initial humidity 
is 0*0306 lb. per lb. of bone-dry air, and the gain in humidity is 0*0124 lb. per lb. of air. 



Ex. Air at 175° F. and ,16% h-h. is passed over some wet material and emerges 
saturated. Determine the saturation temperature,' the amount of water evaporated 
per ib. of dry air, and the air to be supplied to evaporate 1 lb. of water. 


On the humidity .chart, the initial a,h, * 0*043 

By following an adiabatic line to the 100 % humidity curve the tempera^ 
ture— 110°F. andthe A,H. . s= 0*0696 

Inqcease in moisture content per lb. of air ■ 0*0166 

: ' .% Air per lb. of water - 00*6, 


deepihines, to huniiiljt^is often too to comfort 

.hke^.'telejphoke ex;ohanges,’ depo,atioi3s of 
*t|xerpfqr^ dbpiriliye- to 'toditiob' 
moisture'. methods are aya|]abk, but 
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Til this method the moist air is passed over a cold suriace which condenses part 
of its moistnie, but still leaves the an satuiated at a low temperatme. A glance 
at the humidity chart will show that by laising the tem])eraluie of the dehumidi- 
hed air, the relative humidity decreases rapidly, so that the air is now ra])able ol 
taking up fuithei moisture 

In winter this piooess takes plac*e naturally the outside an being saturated at 
almost freezing pomt, but, after being heated indoors, its (r.h.) becomes so small 
that the air dries the mucous menihiane and tlieiehy jiioducos a sensation of 
stuffiness. 


Ex. Air at 75° F., havmg a b h. = 90 %, is cooled down to 40° F , after which it is 
reheated to 95° F. Determine the final E a and the heat quantities involved m the 
conditionmg. 

From the humidity chart the imtial a ir = 0-017 lb. per lb. of air and the ah at 
40° F. saturated = 0-005 lb, per lb. Hence the reduction in moistuic content per lb. 
of air ~ 0-012 lb 

The dew point for the air at 76° F., e.h. = 90 %, is 72° F, ; hence the superheat m the 
steam = 3° F Jj at 72° F = 1063 b t u. per lb. 

Hence total heat m 1 lb. of air at 75° F., B H. » 90 %, is 

(75-32)x0-24-f-0-017L(72-32)-MO63+0 45x31 = 28-92 b.tu. 

Total heat in 1 lb. of saturated air at 40° F. 

- (40-32)0-24+0-005[(40~32) 4-1071]- 7-^ 

Heat to be removed per lb. of air ~ 21 -(JO b t u. 

During reheating the A.n. remains constant, but the E H. falls to 10 %. The heat 
required 

= [0-24+ 0-005 X 0-461 [95 - 40] =* 1^*3 b.t.u. 

The specific or humid heat could have been obtained directly fiom the humidity chart. 


Ex. Evaporative condenser. 


(B.So. 1932) 


A low vacuum surface condenser uses the film evaporation method (evaporative 
condenser). The heat from the steam is transmitted through the tube walls and is taken 
up by a water film moving over the tube surface. The water partly evaporates into an, 
ait stream. The temperature of the water film remains constant at 60° C. The air enters 
m a saturated condition at 12° C, and leaves, saturated, at 30° 0, The heat to be ex- 
tracted from the steam amounts to 600 OJa.Tj. per^lb. 

It is estimated that an evaporation rate of 0*0007 lb. per sec. per sq, ft. of surface 
^puld be allowed. Determine Hie air flow and the surface necessary per 1000 lb. of 


^ s#nrataon pressures of mm at 12° and W 0. are, respectively, 0-42 and 1 -26 
‘ dry take pv « 0-666? and for steam pv « 1-071 T, where p is in lb, per 

^ ^ absolute temperature. Specific heat air « 0-24, 
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The problem is lUustiated m JFig. 94. 

Specific volume of dry an =v„ — — . 

Pa 

1 071 jT 

Specific volume of supeiheated steam = = * 

Absolute humidii y =: ^ = x — = 0*621 ( 1 ) 

1*071 r Pa Va 


1000 Lb of Steam per Hour 

jHeat Removal 500 C H u per Lp 



But Po-f Ps « 30 in , hence (1) becomes 

AJI. = 0 - 62 l| 5 ^V 

\30-pJ 

On leaving the condenser A.u.g = 0 02725 
On entering the condenser A.ir.i = 0*00882 

Increase in humidity = 0*01843 lb per lb. of air. 

This is provided by evaporation of the water film, at 30° C., for, although the hqm 
film is at 50° C., the saturated air ib at 30° C. The elevated temperature of the fil 
permits heat removal direct to the air by convection. 

The heat removed per lb. of air is the total heat in the air leaving the condenser imn 
the total heat in the entering air. 

Total heat per lb, of steam at 0*42 in. Hg relative to 0° C. = 602 o.b:.u. 

Total heat per lb, of steam at 1*20 in. Hg relative to 0° C. — C16 o.h:.u. 

Heat supplied by the condenser per lb. of air 

= [0*24(30-12) 4*616x0*02725‘-602 x 0*00882] 15*78 o.H.u. 

Air flow in lb. hr. = = 31,650 lb. per hr. 


Kim evaporation in lb. sec. 


31.650 x 0*01843 
3600 


* 0*1621. 


Area required « 


0*1621 

0*0007 


232 sq. ft. 
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Determination of humidity [Wet and dry bulb thermometerb]. 

Although the moisture content of air may be determined aecui extely by chemical 
methodb, engineers usually employ the wet anrl dry bulb thermometers, or hair 
or paper hygrometers. With wet and dry bulb thermometers advantage is taken 
of the temperature depression which often accompanies evapoi ation 

Jn the wet and dry bulb arrangement the air temperature is measured by an 
accurate mercury thermometer, whilst the bulb of a second thermometer i& 
enclosed in cloth which is kept moistened The difference between the temperature 
indicated by the thermometers is a measure of the humidity of the air. 

If a drop of water, having a surface area is at temjierature the corre- 
sponding saturation pressure being pg, and this drop is placed in unsaturated air 
at temperature U the partial pressure of the aqueous vapour being the 
instantaneous rate of evaporation is given by 

w = hA{pa—Pp^) units of mass per sec., 

where Je is the diffusion coefficient through the gas film or drop. 

If the drop is colder than the ambient air, then, by l^ewton’s law, the in- 
stantaneous rate of heat transfer H = hA{t— tg), where h is the coefficient of heat 
transfer through the gas film which surrounds the drop. 

This heat transfer wfil increase the temperature of the drop, but reduce the 
rate of evaporation until ultimately the surroundings sujiply the latent heat L 
of vaporisation, so that the heat balance becomes 

H = JiA{t—tg) = wL = hAL{pg^2^p<,)' 
h) 

whence the partial pressure of the water vapour is given by 

Ppi 

Xn this equation t is the dry bulb temperature, ig that of the wet bulb, and pg 
the saturation pressure which may be obtained from steam tables when tg i& 
known. 

Although the above equation,* when modified, forms the basis of all humidity 
charts, yet the velocity of the air over the thermometers affects the rate of 
evaporation, and it should be observed that the wet bulb temperature ig is higher 
than the detr point. 


* A ijiiuta ooroplete eqtusefcion is 

3>., = - o-oooaeTjpj («-«,) [i + to- Hg. 

pMMure in in. y, ib S«tnration praasure in in. Hg, 


Tempe- 
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The Sling Pfeychiometer has been introrlueed to eliminate the effects of air 
velocity. In this instrument the thermometers are attached to a boaid that may 
he revolved by hand at 100 to 200 r p.m. for about 14- sec. so as to secure stable 
conditions. 

Glaisher*^ has tabulated values of wet and dry bulb temxoeratures together with 
relative humidities and dew points. Prom these tables psychiometric charts of 
the form shown m Fig. 95 may be constructed. 

As an example on the use of this chart obtain the absolute humidity, the 
elative humidity, and the dew point of moist air, if the dry bulb reads 80° F, 
and the wet bulb 60° F. 

The intersection of the wet and dry bulb temperatures locates point B, from 
which the R.ii. = 28*5 %. A horizontal through B defines the dew point G as 
42*7° F. and the absolute humidity as 0*0046 lb. per cu. ft 

If we were given the R.H., the dew point and the a.h. could be obtained from the 
humidity chart (Fig. 90), but as a rule these quantities are unknown. 

Ex. Is there more heat in air at 100° F. dry bulb and 80° F. wet bulb; or in air at 90° F. 
dry bulb and wet bulb 1 

This problem is best solved by the j oint use of the psychrometric and humidity charts. 

Fiom the psychrometric chart for 100°p.b. and 80°w.b., E.H. « 41 %, dew pomt 
^71°F. On referring these values to the humidity diagram, a.h. » 0*0372, humid 
heat = 0*244, L « 1053. 

Total heat relative to 32° F. 

= 0*24[71~32]4-0*0172[(71--32) + 1053]+0*244 [100-71] « 36-23 B.T.u. 

At 90° D.B. and w.b., a.h. ~ 0*031 lb., L — 1043 b.t.u. 

Total heat relative to 32° F. 

« 0-24[90-32] + 0*03l[(90-32) + 1043] = 48*02. 

Hence there is more heat in air when saturated at 90° F. than with a e u. of 41 % at 
100°F. 

Ex. If air is heated out of contact with water, does the wet bulb temperature rise as 
well as the dry? 

If no water is present the a.h. is invariable, but, since heat is supplied, the dry bulb 
temperature must rise. 

Beferring the problem to the psychrometric chart, an increase in dry bulb tempera- 
ture at constant A.n. is bound to cause an increase iu wet bulb temperature. For 
example, heating air at 80° F. p.b. and 70° w,b., at constant a.h., to 100° F. p.b. 
produces a wet bulb temperature of 76-3° F, 

Ex. On air conditioning* 

On a winter day the atmospheric air was at 36° F, and 66% e.h. After passage 
through a washer it einorged saturated, and later it was passed through a heater which 

* “Psychrometric Tables” by 0, F. Marvin are publi^ed by the U,S, Department of 
4^calt?iw©, 1916, 



'no JE^ suis^o 


tR. ^ 


awmawmara 


japF 


s 


■■ 

ill 






I 


SSiSSSSSSSSnSnH^^^ 

imiir 


liiaaii 

■BpShl 
liBaaHK 


h . 




'■S\ 


•■■' 




CT'Tii; 


T'"' 




mmm 




219 


Mixtures of Air and Steam 
raised its temperature to 70° F. and its e.h. to 50 %. Determine 

(а) the water supplied by the washer per lb. of air; 

(б) the temperature of the moist air leaving the washer and the heat to be supplied 
by it per lb. of air; 

(c) the heat to be supplied by the heater. 

From the humidity diagram, 

A.H. at 70° F. and 50 % r.h. = 0-008 
A.H. at 35° F. and 65 % r.ti. = 0-003 

Increase in a.h. = 0-005 lb. per lb. of bone-dry air. 

This is the water to be added by the washer per lb. of air. 

The saturation temperature corresponding to an a.h. of 0*008 is 51° F. This is the 
temperature of the air leaving the washer. 

By extrapolation, the dew point for a 35° F. d.b. and b.h. = 65 % is 26° F. 

Total heat at 35° F. d.b. and 65 % r.h. relative to 32^° F. ^ 

= (35-32)0-24-+0-003[26 - 32+1079 +0-45('S5~26)] 

At 51 °F. saturated, the total heat 

= (51-32) 0-24+0-008[(51-32)-f-' 065] = 13-23 B.i-.Tr. 

Heat to be supplied by washer s* 9-28 B.T.tr. pe lb. of air. 

For A.H. « 0-008, humid heat = 2 = 0-242; hence ad itional heat to raise the temperature 
to 70° at constant a.h. * 

' « 0-242 [70 - 61] =2=4'6 b.t ). per lb. of air. 


Ex. On dehumidification. 

Air at 90° F. dry bulb and 82° F. wet bulb ente-s a cooler which reduces its temperature 
to 70° F. Find the dew point, the weight of vapour condensed and the heat to be removed 
per lb., of dry air. 

From the psyohrometric chart dew point =* #'8-6° F. ; jB.H. = 70 %. 

A.H. at 90° F., 70 % R.H. = 0- )215 lb. per ],b. of air 
A.B:. at 70° F. Saturated — 0 1160 


Vapqur condensed = 0 jo55 lb. per ib. of air 
Total heat iat 90° F., 70 % b.h., relative to ’ 0°F. 

' =-(90- 70)0-24+ 0'0216[78'6‘-70-f 1049+0-45(96-78-6)] 27-65 B.T.tr. 

:|Potal heat at'70°F. relative to 70° F. ^ O'Oldxim - 16-87 


' Heatto’be f^oye<i per lb. of Mr 


10-78 B.T.tr. 




v.' ,, . 
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t.nt Messure line in the superheated field it is found that it intersects the 
“S toCrwhere the satuLion pressure is approximately 2 Ih. per sq. m. 

Hence B.H., &om the T<l> diagram. = 0-09, which, considering the scale 

rxUn.iqiao'ram is a sufficiently close approximation. _ 

n^we can regard the partial pressure of the steam as remainmg constant 
dS the heating of moist air at constant total pressure out of contact with 

^ ironlv steam were present, continued cooling beyond the dew point would 
proceed constant temperature until all the steam was condense . 



Ppaz ^ 


Fig. 97. Constant pressure heating of vapours. 

The presence of air, howeVhr. causes the tem^m^^on^^^^ 

the result that, as oonderwation prooee , ia reduced. The change in the 

weight alters, and the partial pres^e o e s e -jg^ess on the chart, 

ma^ of steam present precludes the extension of this process on tn 9 

Humidity changes due to compression. ■ assomate 

If we consider 1 ou. ft. of ^ L^e is compressed adiabatioafly 

; ,| , with 1 Ib.' of dry saturated steam, and this mixture w P tumidity 

: i , ,&ompoint^.inRg,96,toB,whered«-.d~^^^^ 

mktuee assumes its 

*■ . ' l^ L L ■■ TiS ^ ^ crf'.ihsq.'fVi , < i"* ^ , ‘ . 



13aijts|SS;t,WJ4.V*W VM.'V' 'T * ' *. . 

iaolilies ar^ dxiv&ii 1>y compressed aix. 
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Characteristic constant for moist air. 

As explained on p. 210, the superheated steam and air will obey approximately 
the laws of perfect gases. 

I’or the steam, when the relative humidity is r.h., and the saturation pressure 


[For the air, 


= WgRsT. 


Total mass of mixture - (Wg+Wj) = w = ^ ^ H ^ — . 


For the mixture, 


and by Dalton’s law, 
By (3) and (5) in (4), 


{j)^+(b.h.)a}=2). 


TV I « 


For air, 


D 2780 „ 2780 ,,, , 

= 2?97 “ -«. = IT = ^54-4. 


Obviously the change in B, from 12^, is most marked when^) approached 
or the temperature is fairly high, so as to make approach the partial pressure 
of the, air. ^ » 


Ex, ’Calculate the characteristic, constant, for saturated air at 120® F., if the barometer 
is 29’92 in. What ra the air pressure ? / 

/( ” , , , sTotalpreasiire, s«20‘92in. 

' psofsteamat i20®F, 3*44 

' ' ' ‘ i' ' ' ' ’ ‘ , 1 - » > 

' '' . Fartialpressureof air » 20*48 

T, ' ' '' ' 9,0*1 " ' ' 1 

, -lA' v; 3,4i /, ■ 96-1 V “ . ■ ' 

in. Hg ^fhehfhe 
thei^kliVe hinmdity'; 


L ’ffflIfSMt; IsVif 
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4. Air supply to boiler. 

. 1 j T’Pmnrpq 174 000 lb. of Bioist air per hour to support 

At a ^ supplied to the boiler at a temperature of 90“ F., the absolute 

Lter vapour that enters the toslty of steam at M96 in. Hg. 

Given saturation pressure at W F. - 1 «Sm. ng-.aensny 

84.87“F. * 12-68 grains per cu. it. 

5. Preheating air. ■ . . , ^ c i 

Air of 60% B.H. at 80“F. >s “ “j “S Sr ^0 V 

bulb temperatures, the dew point and the final e.h. .* 

6. Air conditioning. 

moisture content from Oi to (?/ is given by 


*-log.[|Ef]. 


7, Mine ventilating air. 

p • *. * 70 ° T 7 inilb and 60® F. wet bulb is sent down a 4000 ft. deep sha . 

Surface air at 70 F. hulh an temperature to rise to 92“ f., and tho 


ehafti3dry,determin6theE.H.atm6Do.«»nv,.v^.™ 38%;68“F. 

thermometer. 

8. Dehumldiflcation by refrigeration. 

^ Am. About 860 B.T u p^™^ ’of 3^® 

s^'r«r " r “.s. « r-bs s 

9. Air conditioning by compression. 

eU^rd of 


' - > I ' I % 
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THE RECIPBOCATING STEAM ENGINE 

The term "reciprocating” is applied to engines in which the piston moves back- 
wards and forwards in a stationary cylinder, and is used to distinguish this type 
of steam engine from rotary engines, where the power-developing component 
rotates as in turbines of various types. 

Reciprocating engines were the first successful engines to be developed, and even 
now they are the most reliable of all power producers.* With units developing 
more than 760 h.p., however, they cannot compete, on the score of thermal 
efB.cienoy,^with compounded steam turbines, and in no circumstances with the 
internal combustion engine; so that they are now being displaced to a large extent. 

Thermal efficiency is not, however, the sole criterion in the selection of power 
plant, and if a supply of cheap fuel is available, or if steam is required for process 
work, the installation of a modern type of reciprocating engine would still be 
justifiable. 

The ability to use any fuel, low first cost of the machinery, and ease of 
repair are the main reasons for the retention of the reciprocating steam engine 
for marine propulsion. 

Construction* 

Engines are usually of the vertical or horizontal type, depending upon whether 
the axis of reciprocation is vertical or horizontal, 

' Ebonoffiy of floor space renders the vertical engine suitable for marine work, 
whilst for stationary work the accessibility of the horizontal engine is responsible 
for its, extensive use. ■ 

Cylinder arraniemerit.f 

'Eig. 98 shows a steam engine in its simplest form, the components, necessary 
for its operation, being named on the sketch. To secure greater economy of 
sfeam, or to allow the engine to start in any position of the crank, more than one 
eylinde!^ is employed, gi^ng rise to the'coinpound engine described on p. 258 or 
theWin--cyIihder 'er^ne as em^ on some , steam locomotives, wraohes and 

v^ding exiles*'; v ' ,, ' ■ 

^ ^ - lone per sfrot^ is obvionsiy greatest ' 

.but it be seen frb^^j 

,bf 




-Mfririiiniiii ■ ifOniiifii nnVi t n m* MfcilMi ifa inJk Muir i 


, 

^ ' 7 , 1 ' 


j j r • ‘ f.lv- 
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Fig. 98. ‘‘Tangye” vertical steam engme. 


Part list for engine 

(1) Cylinder lubricator (14) Governor 


(2) Cylinder 

(3) Exhaust pipe 

(4) Cylinder dram 

(5) Slipper lubricator 

(6) Crosshead 

(7) Engine frame 

(8) Connecting rod big end 

(9) Cranh 

(10) Eccentric 

(11) j&oldmg down bolts 

(12) Bedplate 

(13) Flywheel pit ' 


(15) Main steam pipe 

(16) Throttle control valve 

(17) Gland and stuffing box 

(18) Valve rod guide 

( 19) Eccentric rod 

(20) Connecting rod 

(21) Governor belt 

(22) Flywheel , 

(23) Main hearing lubricator 

(24) Pedestal bearing 

(25) Wallbox support 

(26) Crankshaft 


; proceilw© leads to great ©3^ti^avagance of steam. The extra 

the dopsu^ptioB ofany 

? stfk3tt,ahd^tli^2:©fore mihpfit t^;e3i:p^W,’ of any hiore 'fu4; hefteeje|:]^jggsiye 

b'- ' whilst hoiitexpaBsive 
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acting pumps, winches where reversing is effected bv a valve, and therefore the 
piston valve controlhng the steam to the cylinder has neither lap nor lead, ^ and 
rolling mill engines where great and intermittent power has to be developed | 
The extravagance of such engines is, however, sometimes i educed by using the j 
exhaust m turbines oi in feed heaters. 



Ex. po and r<i> charts for steam engines. (B Sc. 1032 ) 

Give sketches of the theoretical fv and charts for the following cases, and calculate 
for each the value of the ratio, actual work per lb of steam/theoretical work per lb. of 
steam. 

(1) The steam cylinder of a pump taking steam at 90 lb. per sq. in., 0*98 dry, for the 
whole stroke, and exhausting at 17 lb. per sq. in. The consumption rate is 62 lb. per 
H.P. per hr. 
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(2f A reciprocating steam engine taking steam at 150 lb, per sq. in , dry, saturated, 
expanding to the release pressure of 12 lb. per sq. in. and exhausting at 2 5 lb. per gq. m. 
The consumption rate is 17 lb per h.p. per hr. 


Case (1). 


Theoretical work per lb = (90 - 1 7) 0*98 x 4 913 x 144 

— 50,670 ft.-lb. = 36 2 0 h.xj 
33,000x60 


Ratio: 


Actual work per lb 
Actual 22-82 


1400 x 62 


= 22 82 O.H XT. 


Theoretical 36 2 


0 63. 


^ A X 1 1 IV 33,000x60 

Case (2 . Actual work per lb. « « 83-2 c.h. 17 . 

' 1400x17 



On the Rankine cycle. 

Total heat at 150 lb. per sq. in. =* 666*5 o.h.it. 
Sensible heat at 2-6 lb. per sq. in. ~ 56*8 
Heat supplied = 609*7 

Heat rejected « 0*81 x 564 «= 456*7 

Work done == 153*0 

AreaofdARC =« 21*2 

Work done =131*8 

Actual 83*2 


Ratio: 


Theoretical 131*8 


= 0*632. 


Valves. 

To produce reciprocating motion of the piston steam must be admitted to, and 
exhausted from, the cylinder, and to effect this valves are employed. The types 
of valves in common use are: 

(1) The simple slide valve. 

(2) The piston valve. 

(3) The Corliss valve. 

(4) The drop or double-beat valve. 
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Before juaking a comparison of valves and tlieir operating meclianisms, which 
aic known as valve gears, we must know exactly what we want the gear to effect 
There aie four things to be done 

The steam must be admitted just before the end of tho stroke so that the 
bogmmiig of the outwaid motion of the piston will be peifoimed iindei the full 
pressure of the steam Next the supply of steam must be cut off before the end 
of the stioke in order to produce expansive woilrmg, whdsl to avoid wastage of 
eneigy due to throtthng or wire drawing the valve must close lapidly at cut off 

To prevent undue hack pressure on the piston during the exhaust stroke the 
exhaust valve must open before the end of the expansion stioke to release the 
steam. 

Finally, to secure greater economy in working, and to lelieve the bearings of 
inertia loads, the exhaust valve must close before tho end of the exhaust stroke 
to produce compression or cushioning. 

Nearly 200 years ago the valves which controlled tho supply of steam to the 
cylinders of pumping engines were operated by boys, and it was duo to the 
ingenuity of a boy named Humphrey Pottei, who was anxious to play marbles 
in the engine room rather than work the valves, that mechanically operated 
valves were introduced. 

For traction work, for mine haulage, and for maiine propulsion, it is important 
that the engine may be capable of being easily and quickly reversed, and this is 
an important factor in the selection of a simple and reliable valve gear. 


The simple slide valve.^ 

This valve (Fig. 102) is virtually an inverted box having broad flat faces truly 
machined so that sliding contact between tho valve and the port face, as shown 
in JB^g. 104, is. steam tight. 

Admission and release of steam are effected by the edges of the valve as the 
valve is reciprocated over the port face. In its most elementary form the face of 
the valve, which controls admission and release of steam, is the same width as 
the steam port, and the eccentrie, which is the usual drive for a valve, is set 90® 
ahead of the crank. With such an arrangement, however, the engine would be 
non-expansive, there would be no cushioning, and no admission before tho end 
of the exhaust stroke. 

To permit expansive working the width of the valve face is increased to overlap 
the port when the valve is in mid-position; this is known as steam or outside 
lap* Overlapping on the exhaust side of the port is known as exhaust or inside 
lap, and when podtive it produces cushioning, when negative it gives a freer 
^Pre-admission is produced by setting the eccentric in advance of the 
ppdtibn by the angle of lead or angle of advance. 

WM to to Murdook ixt 1790, althouj^ Burray reduced it to 

I 
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Advantages of the slide valve. 

(1) It IS simple m coDstruction, and easy to repair when worn. 

(2) It has simple d ivii% gear, and is easily reveisible 

(3) Various degree! expansion may be obtained by different settings of the 
valve gear. 

(4) It runs well at all speeds if the steam is not superheated. 

Disadvantages. 

(1) The cut off cannot occur earlier than at ^ths of the stroke without intro- 
ducing excessively high compression. 

(2) There are considerable friction losses 

(3) The steam is supplied and exhausted through a common port, which is 
therefoie alternately heated and cooled, so that condensation losses are con- 
siderable.*'* 

(4) The dimension of the ports or passages which convey the steam to and 
from the cylinder are so great as to involve a large clearance volume, about 25 % 
of the swept volume. This increases the steam consumption. 

(6) Flat surfaces generally are difficult to lubricate, and are hable to warp, 
hence the valve is not suitable for controlling the admission of highly superheated 
steam. 

(6) In large engines the intense load on the valve due to the unbalanced 
steam pressure causes loss of useful work owing to friction. This also lesults in 
considerable wear of the valve and driving gear. 

Improvements on the simple slide valve. 

Friction may be reduced by shielding a portion of the ujiper surface of the 
valve from direct pressure by means of a relief ring, whilst in large valves a further 
reduction in the energy to dnve the valve may be effected by shortening the travel 
or length of stroke of the valve through the use of double ports (see Fig. 105). 


Steam Chest Covesi 


Spring 
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Fig 106 illustrates a modem form of balanced slide valve made by Andrews 
and Cameron of Kiikmtilloch 

The essential difference from the one shown in Fig 105 is that the relief ring, 
with its unavoidable leakage, is replaced by a bridge piece which is initially kept 
in contact with the flat poited slide valve, and port-face, by means of a flat 
spiing which bears on the steam chest cover. 



Fig. 106. 


Essentially the valve is a rectangular piston valve, and because of this it 
occupies less space than a conventional piston valve, the wear is less and is 
more easily roi reeled. 


Meyer expansion valve. 

To increase the range of cut off without introducing high compression Meyer 
devised a small expansion valve to work on the back of the mam valve 

Reference to Eig 1 07 will show that the central portion of the mam valve is 
really an ordinary slide valve except that its top face is machined parallel with 
its bottom face and provides a surface over which the expansion blocks 
leoiprocate. 

Apart from controlling admission, release and compression the mam valve 
also controls the latest cut off, so that the engine would run with this valve alone 

For earlier out offs the supply of steam through the end ports in the mam 
valve is controlled by the expansion blocks which are driven by an eccentric set 
at about 90*^ ahead of the main crank. 

A swivel joint allows the expansion valve spindle to be revolved whilst the 
engine is in motion, so that the right- and left-hand screws— which connect the 
expansion blocks to the spindle — ^may vary the distance between the blocks and 
thus alter the out off. As an alternative the distance between the blocks may be 
kept constant and the travel of the expansion valve varied. 
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The piston valve. 

A piston valve may be considered as a slide valve coiled into cylindrical form 
about the a\i& of leoiprocation (see h'lg 108) This coiling lelieves the valve of 
unbalanced foices due to steam pressure, and, with inside admission, the gland 
is also removed from the HP steam, otherwise it does not possess an> majoi 


Expansion Blocks 




Fig 108 Section, of piston valve and a portion of steam cylinder. 


advantage over the slide valve. Reduced olearance and the fact that it cannot 
foe hfted off its seat under undue compression caused foy “linking up i e short- 
ening the stroke of the valve by moving the reversing Imk towards mid-positioji, 
is done when locomotives coast downhill, favoui its use on iDoomotaves 
The valve is diffiotilt to keep steam tight and occupies eonsiderafole space. 
The Corlles valye^* 

If a fihde yalfe were taken and coded about an axis perpendicular to the axis 
we would virtually hare a Corliss valve, except that only a 

iSkidisI* m jnven|$d dws valve m 1860? although he was not bioii^ht up 

even acameoted wii&i nevestheto he had a dair for it» 
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poiiion of the original valve, and one poit, could be used for contiollmg the 
admission of steam This therefore necessilates the use of two admission valves 
and two exhaust valves per cyhnder (see Fig 109), these valves being operated 
by a wiist plate that is driven by a single eccentric 



Fig 109. Cyimdor btted with CorlibS valves and operating gear. 


Advantages of the Corliss valve. 

(1) The use of independent steam and exhaust ports reduces condensation as 
well as the clearance volume The quick and easily vaned cut off is also conducive 
to great economy of steam. 

(3) The power to drive the valves is small because of the small angles through 
which they oscillate 

(3) tn horizontal engines the exhaust valves occupy the lowest position, so 
that cylinder drainage is almost perfect. 

(4) Separate steam and exhaust valves permit of independent adjustment of 
the points of admission, cut off and release. 





The, Reciprocating Steam Engine 


236 

Disadvantages. 

(1) The valves and barrel in which they work, through being discontinuous 
along their length, are not easy to machine precisely. 

(2) The edge of the valve is liable to catch on the edge of the port unless the 
valve is very rigid against bending. 

(3) The sliding surfaces make the valve unsuitable for the admission of super- 
heated steam. 

(4) If the cut off is to be sharp some form of trip gear*** must be employed, and 
this limits the speed of the engine to about 160 r.p.m. 

Drop valves (Double-beat valves). 

In Fig. 1 10 is shown a mushroom valve, from which it will be seen the effective 
force resisting opeliing of the valve is approximately 
If now a similar valve is attached to some spindle, as in Fig. Ill, and the pres- 
sures are arranged to oppose each other, a balanced system will result; so that, 



Fig, III, 


faoMon force will b6 ;fe4ttix^4 ho bperate the valve, 

tms^dWopa, advantage, when this valve is used to control the 

^<i^widi6ly vartal^le out 
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• ^:=.rt™nta«es of drop valvea are their high initial cost owing to the 
Ihe mMn (h = difficulty of making both valves to seat simultaneously. 





fey^detifltted with. droWalves, 

's ‘ 1^' ' ' ii. , ’ , ' 
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Trip ^ears, 

Tn 0,11 trip gears variation in the cut off is obtained by breaking, at an instant 
dotermined by the governor, the connection between the valve and the eccentric 
In the gear shown in Fig. 113 the duration tor which A and B are in contact is 
detei mined by the radius r, and the height hot: the lover connected to the governor 
With an increase in speed h increases, and the gear trips earlier. After tripping the 
combined action of a spring and a dash pot close the valve. 



Oil-operated valve gear. 

The noise, wear, and limited s^eed of conventional trip gear can be avoided 
by using oil under pressure for lifting the drop valves. One form of oil*operated 
valve is shown in Fig. 1 14, where a hollow plunger A is reciprocated by an ecoentrio 
carried on a lay shaft. 

On the outward motion of the plunger oil is drawn through the ball valves B, 
which close on the return stroke, so that the pressure in the chamber D is raised 
sufficiently to lift the drop valve through the medium of the differential piston E , 
iiifting continues imtil the oil ports F are uncovered by the governor sleeve 0. 
This action causes immediate release of the oil pressure in D, whereupon the drop 
valve is brought rapidly—though gently— to its seat by the combined action of 
a spring J and a dash pot H, The operation is then repeated. 


Advantages of oU-operatod valve gears. 

(d) A wide yange of out off is possible without imposing a limit on the engine 


effoijt i^^jjeqyhjcd by governofto vary the out off. 





Vito"? ^ ^ 


1 
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(3) Wear is negligible, because all the parts are immersed in o I 

(4) The gear is silent in operation. 

(5) Very few working paits are exposed. 


It 



Sleeve 6 


UaYHIWTM — -» p l 

Packing 


Brop Valve 
C oNMEcrcD Here 


fig. 114. Oil-operated valve gear. 


The uniflow engine.*^ 

This engine was patented by L. J. Todd of London in 1 886, but the first 
engine was made by J. Perkins in 1827; it was later developed on the Continent 

The engine obtains its name from the unidirectional flow of steam m the cyhnder 
from inlet to exhaust; u})on this, and the large exhaust area which reduces the 
back pressure and the high compression developed, depends the superior efficiency 
of the engine over other forms of steam reciprocators. 

In Mg, 1 15 it will be seen that steam is admitted by a double beat valve, whilst 
exhaust is effected, during tho last 10 % of the stroke, by the piston uncovering 
ports in the cylinder barrel. To effect this operation in double-acting engines the 
length of the piston is made equal to that of the stroke less the width of the 
exhaust ports; and to reduce inertia and ffiiotion the piston is oast hollow. 

Since the exhaust is completed when the piston has moved but 10 % along the 
return stroke, high compression pressures are developed unless the condenser 
vacuum is good, relief valves are fitted, or the clearance space is enlarged, 

*|T*vAllaJx* Um^hUD book prmure and steam extrcMtwn engine. Pitman. 
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On compression the steam is dried and superheated, and a steady state exists 
between the temperature of the cylinder and the steam temperature, upon the 
maintenance of which depends the efficiency of the engine. 



Drop Valves- 
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Single-cylinder uniflow engine. 

Tiie high efficiency obtainable from a single cylinder enables compound ex- 
pansion to be dispensed with, whilst the length of the double-acting cylinder 
makes the horizontal engine the most suitable type, engines 75 ft. in length not 
being uncommon. . 

Unfortunately, a single cylinder gives poor mechanical balance, and a very 
variable cranlc-shaft torque; so that the engine must run slowly, and must also 
be provided with a large flywheel. Further, high compression, as in the Diesel 
engine, reduces considerably the work done per stroke; hence the engine is 
massive for the power developed. The exhaust porta weaken the cylinder where 
it should be strong, and special provision for draining the bottom side of a 
vertical cylinder must he made. 


Advantages of the uniflow engine. 

(1) High efficiency for aU sizes of engines. 

(2) Simple and robust design. 

(3) The foundations are less costly than those of a compound engine of the 
same economy. 

(4) The steam consumption per b.h.p. per hour is almost constant at all loads. 
{Compare fuel consumption and indicator diagrams with those of the Diesel 
engine.) 

' ' (5) The mechanical efficiency is high, because of the few moving parts. 

(j8) The uniflow engine responds well to the governor, since steam receivers, 
' ' ' used in compound engines, are absent, 

(7) The out offi is well defined and variable over a wide range, and as a result 
, , , tjiere ik greater economy of sfeam than in the case of tlrrottle-controUed engines. 

j i ' ‘ > 

, (8) Th.6 thermal efficiency of a one-oyiinder uniflow engine is as great as that 
} , - of a triple exfpansion engine when fitted with slide valvei • 


’ T ' 1 ''I 
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Expansive engine without clearance or compression. 


Let '0 be the swept volume, r the hypothetical ratio of expansion, i.e. the total 
swept volume divided by the swept volume at out off — or the valve setting of the 
engine in terms of the fraction of the stroke at which out off occurs; then from 
Fig- 118 the net work done ^ 


r r 




If this work is represented by a rectangle of length the height of the rect- 
angle represents to scale the Mean effective pressure (m.e.p.) on the piston. 


/. Ideal M.E.P. = & [1 + log^ r] -pi,. 
The work done per stroke 


= Force x Distance moved in direction of the force 
M.E.P. X Area of piston x Length of stroke = FLA. 


H.p. developed = 


PLAN 
33,000 ’ 


where N is the number of effective strokes per minute, 
A is the area of the piston in sq. in., 

L is the length of stroke in ft., 

P is the mean effective pressure in lb. per sq. in. 


( 1 ) 


The effect of clearance on the work done. 

The effect of clearance is to shift the pressure axis to the left (Fig. 118), and 
therefore to increase the total volume at any point on the expansion stroke. 

’ Let m be the clearance volume, then the true ratio of expansion Total 
volume at end of expansion divided by the total volume at the beginning of 

expansion = , 


Total work done per stroke 


!V'' .Tld-a 

’.I 1 iBi 1> *** Hh *01^ ~ ' 




' i'’. / " ” ' ’ ‘ ' ' , , / r, '’V'v' 

a= sOut ^ibeieen (2) becomes (1),- above. 

s'ff .. 
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The effect of clearance and compression on the work done per stroke. 

To effect economy in steam consumption (see p. 254), and also to relieve the 
bearings of shock due to inertia loads, it is customary to stop the exhaust before 
the end of the exhaust stroke, and to compress the steam trapped in the cylinder. 
Th^mmediate effect of the compression is to reduce the power developed by an 
engine of a given size, and also to reduce, to a greater extent, the steam con- 
sumption, so that the net result is a gain in economy. 




Worn Done „ ^ 

OM Abmission s= 



Work Done 

ON Expansion a i^Los^r 



Work Done 
ON Exhaust » 


Wet Oomi 
PER Stroke 



to 

< 



Expansive Enbine Without Clearance 



Expansive Engine With Clearance 

J 
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It should be observed that this is the most general expression for the work 
done, and that when 6 = a, equation (2), p. 243, results, whilst when 6 ~ a ~ 0, 
equation (1) results. 


The actual work done (Diagram factor). 

The frictional resistance that attends the high velocity flow of steam, and also 
heat losses and imperfections in the valve gear, cause the actual work done to 
be less than that given by equation (3). In design work, therefore, advantage 
is taken of the simple form of equation (1) for estimating the ideal the 

actual M.E.P, being from 0*6 to 0*85 times this. 

In Fig. 119 an actual indicator diagram is superposed on the ideal diagram 
which ignores clearance and compression. 



Diagram factor e- 


area 




area 


actual Mr.E.P. 

^[l + log,r]~j>j 


Hypothetical indicator diagram. ' 

i > Steam is admitted to a single-cylinder engine at a pressure of 200 lb. per sq. in. abso- 
' . lute, and cut off takes place at i of the stroke'. The back pressure is 17 lb. per sq. in. 
absolute and 'the clearance ratio is Draw the hypothetical indicator diagram 'and- 



.the speed b 2^0 rlp;m; 


r'as4/ tazfs-^. 





■.S'' 1 ij ' ss; 

'r, ( i" J:*T 




,3443- 1134 lb. per sq. in. 
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Actual M s p = 0 8 X 113*1 = 90 6 lb. per sq m 

] 13*1 XTTX 64 X 10x250x2 377x7rx80x25 

1 = ■ 4^1^33, OOiT “ 3,300 

Actual IH.P =08x718 = 57 4 


Ex. Cylinder diameter and horse-power of a locomotive. (B Sc. 1930 

Tlie steam supplied by the boiler of a two-cylinder locomotive is dry and aaturdte( 
at 195 Ib. per &q. in The driving wheels aie 6 ft. 6 m diametei . Calculate the diamete 
of the two cylinders which have 28 m. stroke so that the tractive foice at 20 m p h ma 
be 4*5 tons when the cut off is at 0*5 stroke. Assume a mechanical efficiency of 80 % ani 
take a d i^ r gra-m factor of 0*65 which neglects clearance, has hyperbolic expansion am 
exhausts at 18 lb per &q. in. 

What is the i H.P. of the engme at this speed ^ 


H.P. to be developed on the draw bar 

20 88x60 

r.p.m. “ 57 : X — ^ ~ = 86 2 . 
^ 60 X 6*5 


H p, to be developed per cylmder 


_ 28 Ax 86-2 637 1 

2 X p X - X ” /•. f X ; 


M.E.P. X Area of piston 


12 33,000 OS 2* 


6370x198,000 


0*8 X 28 X 86 2 X 2 

M.E p. = Diagram factor (- (l-floge?)— pj, 


= 27,560, 


\r 


”105 

= 0^65 (1 -f loge 2) — 18 = 95’5 lb. per sq. in. 


. 27,750 

A =* Qg g . Diameter 19t m. 


537*0 


I.H.P. of engine at this speed = ""XV- == 672, 

U 8 


Ex. Cylinder dimensions for an engine having clearance. 

Find Idle diameter and stroke of a double-acting steam engine which shall develc 
30 indicated horse-power at 180 rp.m. Make the following assumptions Stea 
pressure = 100 lb. per sq, in, by gauge; exhaust at atmospheric pressure = 15 1 
per sq, in. e-hsolute; out off at 0*4 stroke, clearance « 10 % swept volume; diagra 
factor 0*8; stroke =5 D5 diameters. 

toiP. w 0*8 |ll5j^0»4*f (0*4+0 l)log,|-~t^.jJ-.15| » pj. pej gq, hi, 

MV 


f 
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_7rd\J5d _7rd^ x 180 x 2 

4^ 12 32’ 32x33,000 

= 7 68 in 
Stioke = 11 5 m. 


Ex. Cut olSand throttle control. 

A'isummg hyperbolic eicpansion, a diagiam factor of unity, and neglecting cleaiance 
volume, calculate the eteam consumption and horse-powei developed in the case of a 
smgle-oylinder engine 12 in diameter and 18 in stroke, miming at 150 r p m , if 

(1) The inlet pressuie is kept constant at 100 lb per sq m and the back pressure 
constant at 15 lb. per sq m , and the latio of expansion has values 

2, 3, 4, 5, 6, 8, 10, 15. 

(2) The ratio of expansion is kept constant, and the back pressuie constant at 15 lb 
per sq. m., but the inlet pressure has values 

100, 90, 80, 70, 60, 50, 40, 30 lb per sq in. 

Take the constant ratio of expansion as 3. 

Plot curves on a horse-power base showing the steam consumption per hour , and also 
per horse-power hour. Neglect cylinder condensation 


HP. 


MEP.*[^|(l+log,r)-pj,J. 
(m d p.) LAN 


18 7rxl22 300 

ME.P XjgX ^ 33, 000- 


33,000 

H.P. = 1-641M.B.P. 


( 1 ) 


( 2 ) 


The specific volume of dry saturated steam at 100 lb. per sq. m is 4 45 ou. ft per lb 
The swept volume of the oyhnder is 1*177 ou. ft , hence, neglecting condensation, the 

1*177 

mass of steam in the cylinder at cut off is — jTS steam consumption m 

T X 4*40 


lb. per hr. 


1*177 
r X 4*45 


x300 x 60 


4730 

r 


( 3 ) 


By assigning the given values to r equations (1), (2), (3) will give the information 
reqmred for plotting curves 1 and 2, Fig. 120. 


Throttle control. With r constant and equal to (3) the steam consumption 

M77 _ 7062 

"" 3 X Specific volume ^ Specific volume * • . • d ) 

By taking pressures of 100, 00, etc. the corresponding value of the specific volume 
can be obtamed fi^om steam tables, and hence equations (1), (2) and (4) evaluated. The 
results are plotted in curves 3 and 4, Fig. 120. 
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Fig. 120. 


Estimation of the steam consumption of an engine from the indicat 
diagram. 

If the steam has dryness x at the point of cut oft and the specific volume 
pressure Pi is Vg^, then the total weight of steam present 

This steam has not been supplied entirely from the boiler; because a mf 
V X b/v^lb. was trapped on the exhaust stroke, being the specific volume 
pressure 

Hence the net steam supply per revolution, for a double-acting engine, is 


*■ .'i, 
. I 


af ^ / . T / N 

2|— — (u-J- 1 /y) 




^6e 



At a speed of N r.p.m. the steam consumption per hour for a double-aoti 

(i: 

of see pp. 244, 
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Oyer the pressure range commonly coyered by reciprocating engines the 
relation between pressure and density of steam is approximately linear, i.e. 

Density p-^- {mp + c), (2) 

whence, by (2) in (1), 

Steam per hour = -h{w^Pft+c)Jlb (3) 

If iV and X remain constant, \vhilst the powei output is controlled by throttling, 
the only yariable in 3 is so that a linear relation should exist between the steam 
consumption and the h.p. chest pressure, so long as x is unchanged 


I.M.E.P. of engine = Diagram factor j^~(l + loggr)— . 
LH,p. = D.F.p^(l+loger)-pj,J 


2LAN 
33000 * 


Hence 

by (4) in (3), 

Steam in lb. per hour 


__ y r I.H.P, X 33000 
" l+loggf ^ 2LAN{t).'B.) 


W 


■.c.r.TiT n wr riH.P.x33000 “I Wct+l/rX ,, 


Hence a linear relation should exist between the steam flow and the i.e.p. 
This was established experimentally by WiUans in 1888, and is known as Willans' 
line. It is applicable to turbines as well as reoiprocators. Fig. 120 compares the 
steam consumption for throttle and cut off control. 


Quality of the steam in an engine cylinder. 

In a simple type of steam engine, using saturated steam, between 20 and 60 % 
of the total weight of steam supplied per stroke is condensed before the point of 
cut off is reached, although subsequent re-evaporation prevents it issuing as a 
stream of water from the exhaust pipe, 

Mr D. K. Clark, in his book The hHmm Engine^ first drew attention to this 
phenomenon, but engine drivers were well aware of it years before. 

The causes of the presence of water are: 

(1) Wetness in the steam supplied firom the boiler due to forcing the boiler. 
This carrying over of water into the main steam pipe is known as “Priming’®. 
Wetness may also he caused by radiation from the steam pipe. 

(2) Condensation in the oyliader due to the high-pressure saturated steam 
meeting a surface previously chilled by the exhaust steam. This is considered the 
most important of the three causes df cylinder condensation. 

(3) Eadiation and the performance of mechanical work at the expense of the 
introal in the steam cause condensation after out off. 
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The extent to which condensation occurs during expansion depends upon the 
ratio of expansion, the speed of the engine, and upon the vsurface available for 
radiation. With a moderate ratio of expansion in a small engine, there is often 
sufficient heat available in the engine cylinder to cause re-evaporation on the 
expansion stroke and, always, on the exhaust stroke. 


To find the dryness after cut off. 

A calibrated indicator diagram will give the volume and pressure at any point 
of the stroke, but it can give no indication of the weight and condition of the 
steam present. To obtain the dryness fraction of the expanding steam the exhaust 
steam must be condensed, and its rate of flow thereby determined. From this 
measurement “cylinder feed” 

Total weight of exhaust steam 
- Number of strokes occupied in exhausting the steam* 


T^e cylinder feed, however, represents but a portion of the contents of the 

cylinder, since the steam trapped in the clearance space, during compression, 

may be regarded as never exhausted. Neglecting leakage, total weight of wet 

’ V X b 

steam in cylinder at out off ~ Cylinder feed H . 

I 

vb is the total cylinder volume at the commencement of compression where the 
steam may be regarded as dry and saturated, having a specific volume 
The weight of dry steam accounted for by the indicator diagram is equal to the 

Swept volume vjr at cut off -f- Clearanc e volume av 
, , ' Specific volume of dry saturated steam at the cut of pressure p' 

, By the definition of dryness fraction a?, p. 130, 


Dryness fraction at cut off =s' 


{vlr)-^av 


«;a( Cylinder feed -hpx bjv^)' 


^ By reference to sfeapi tables the specific volume of dry saturated steam at 
7/', /pressures ^ii etc.'may bo obtained, : ' 
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Ex. Dryness fraction of steam in a cylinder. (Senior Whitworth 1922.) 

Determine the dryness fraction of the steam in a cylinder at 0*7 of the stroke from the 
followmg data: 

Cut off 0’6 stroke, clearance 8 %; pressure of steam at 0*7 of stroke = 60ib. per sq. in 
absolute and at 0-8 of return stroke on compression curve = 19 lb. per sq in , 
r.p.m. = 100, steam condensed per min. = 991b.; volume of 1 lb. of steam at 601b. per 
sq. in = 7*03 cu. ft.; volume of lib. of steam at 191b. per sq. in. = 20*8 ou. ft.; swept 
volume = 3*75 cu. ft 

Discuss assumptions made in answering the question. 


Swept volume at 0-7 of stroke = 0*7 x 3-75 - 2-62 cu. ft. 
Clearance volume = 0-08 x 3-75 = 0-3 

Total volume at 0*7 stroke = 2*92 cu. ft. 


Mass of cushion steam =: (0*08+0*2) 


Cylinder feed for d.a. engine = 


99 

200 


^5 

20*8 


= 0*0504 lb. 


= 0*495 


Total mass in cylinder 

2*92 

Indicated mass after cut off = 

/*Uo 

Missing quantity 


= 0*6454 lb. 
= 0*4150 

= 0^13041b. 


Dryness fraction = 

5454 


0*762, 


Assumptions. Leakage is ignored. Cylinder feed and cushion steam are taken as 
dry saturated. 


/ 


Ex, Jacketed cylinder, (B.Sc. 1924.) 

The pressure indicated at cut off in the cylinder of a jacketed steam engine is 751b, 
per sq. in,, the volume is 0*45 cu. ft. and dryness fraction of steam is 0*73. If the values 
of pressure and volume at release are 34*2 and 1*05, find the heat which passes through 
the cylinder walls during expansion. Assume pv^ = c. 

Heat added = Work done + Change in i.b. / 

r ft-f 


Work done = 


Pin 


n^l 

To determine we have p^Vi ^ pawf. 

,75 x 046« = k-2xl-05«, 


75 /D05\« 

34-2 ~ \0'45/ • 


0-928. 


' . ' r ' o-aas-i 

• /:■' ,75x144 x04'6', - \Tmr 


' ■■ ■■ OKfeg 




j r ■ 
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To evaluate H 2 we must know the dr 3 niess fraction at the end of expansion, thus 
Let Vs be the specific volumes of dry saturated steam, and w be the mass of stean 

— 12*16. 

® “ 0-73 X 6-82 “ 

At the end of the expansion, mgVs, = v^. 

1-06x0 73x5’82 . 

= 0.45 X 12-16 - = 

h at 761b, per sq. in. *= 163-0 C.H.Tr. h at 34*2 lb. per sq. in. = 125- 


at 75 lb. per sq. in. 


0*73 X 505 =p 368*0 


= 521-0 


p.2), 75x144x0-73x5*82 


iCjr at 34*2 lb. per sq. in. 

= 0-817 X 523*2 =^427- 


P 2 V 2 34*2x144x0*817x12*16 


/. (i.i.a-i.E.i) = 29*7 o.H.ir. per lb. 

Change in i.b. of the cylinder contents » «= 3*15 


Work done 


«3*04 


Heat added in o.H.Tr. 


,:=6*19 


Sdlutton,iisiJig the r4> diagram. 

Knowing ihb condition of the steam at the beginning and end of the expansion, th 
heaVadded may b,d scaled from the diagram, as shown in Fig. 122. This are 
me^npes.0*7 by 16*4 in., and represents 5f7*4c,H.xr.; 

henee the heat added to the actual steaud , , , o i 

' ' t ' 1 , , ' y ' 'is \ ' ' 


,»0-1059 x 57-4i = Mao.H.o. 


75l,i^lSq\lN.i , 


^dltional work, in exmk ^ that done on the ' / B ^ 

j^h^e cycle, w represenjsed hy the .triangle ABG , / 

at^;Scale^';^0|20Si-q.m^ ■' ' / . ' 


'V„ ' 
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Specific volume of steam initially = 0*96 x 1*543 = 1*481, 

300x1*481102=: 15x4,102, 

1 

/. Final volume = 1*481 x ^ = 27*85 cu. ft. 

Specific volume at 151b. per sq. in. = 26*27; hence the steam is superheated. 

2*2436(jy-464) 


27*85 


15 


Final total heat = 650*3 o.h u. 

Degree of superheat =25° C. 

Heat added = Work done + Change in i.e, = H-Ha— 


Work done on expansion = 

144 


1400x0*02 

Final total heat = 650*3 

Initial total h6at = (219 + 0*96 x 450) = 650*5 
Gain in total heat 


in-l)J 


[300 X 1*481 - 15 X 27*85] = 133*7 o.H.tT. 


J 

Gain in i.e. 
Work done 

Heat added 


= -0*2 

= +2*674 

= 2*474 o.H.u. 
= 133*7 


= 136*174 


Methods of reducing cylinder condensation. 

Superheating.'*' 

It is wen established that in the absence' of nuclei on which condensation can 
, proceed, the steam temperature may be dropped considerably below saturation 
temperature without undue condensation taking place. One of the best methods 
of ,'oomlmtmg cylinder condensation is therefore to superheat, the steam so as 
, the droplets of wa^r* Unlike a, saturated vt-poitira change in the heat 

y , te'^ni of ^.^lip^rheatM vapohr is aoo,omp9'nied;by'^a ohtoge in temperature, It^ 
,''f;foEpWS tlial'a-reductionin'tei^^ of the yapour tjeitda tb suppress -the heat, 

V^;Tapiw;has’^afed/hetter,h®?*'ttt^g^ and, since its_ 

'' ' V v^yv'v': 

> y y *■’ 'iup^rheaKkig wa^ Idtroduted'by Trevithick'm . 1828 / bfit Horn of was the 'first; 
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One of the most noticeable improvements that attend the use of superheated 
steam in an engine of suitable design is the flat specific steam consumption curve, 
and the specific steam consumption is almost independent of the size of the engine. 


The major difficulties with superheated 
steam are: 

(1) control of the superheat tempera- 
ture; 

(2) thermal expansion; 

(3) the cutting action of the steam on 
the valves; 

(4) accumulation of soot on the super- 
heater tubes; 

(5) lubrication of the cylinder and 
valves. 

(6) creep of metals when subjected to 
stress at high temperatures. 

Because of these difficulties 750® F. 
appears to be the safe upper limit of 
temperature, and even then special 
metals must be used. 



Jacketed cylinder. Fig. 123. Comparative curves showing 

, . j 1 i_ *be performance of a high-speed triple 

■ James Watt introduced the steam expansion engine using steam having 

jacket to reduce cylinder condensation, various degrees of superheat.* 

but because of its limited surface, temper- ^ , 

A ' ; .ature' difference and the short time .available for heat flow it is effective only on 

“ ' slow Speed engines; ; , 

""n ‘ ' f * , ' t t 

' Reheating. ■ 

' ; > . “ ' The d^eets of tjhh steam Jacket may be avoided in multiple e;xpansion engines 

‘ ' ;by 'dh?ecf^g the exhaust steam from each cylinder to a separate heater whieh 

i ” knay be incorporated in the bpi|er or teed on the engine where it is supplied wth 

ifi^lly, superheated^steaiim In the.hrorth marine engine; ilffistrated in 
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By reheating it is possible to maintain the steam in a superheated state through- 
out the entire expansion, whereas on the straight Rankine cycle this would 
involve unmanageable superheats. 

Obviously with the exhaust superheated the heat loss to the condenser per lb. 
of steam flowing is greater, but the smaller specific steam consumption, conse- 
quent on improved efficiency, causes the net heat loss to be less than with wet 
steam. 



Fig. 124. 


Cylinder proportions and rotational speed. 

From' a consideration of the surface area exposed to high temperature, and also 
in rei^ct of the clearance volume which must be supplied with high-pressure 
. steam at each working stroke, and which makes little contribution to the work 
. done, the long stroke engine ie superior to the short stroke engine. 

, Conduction of heat, however, depends upon time as well as surface area, so the 
higher the rotational speed the smafier the condensation. However, to.limit the 
pijton ^p^ed and inertia forces the sirpke must be shortened, and this produces 
' ' ad^prbport|onate increye in the percentage clearance volume. 

it , is, therefore, imperative .that ports are short, 

teducedio 
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COMPOUND ENGINES 

On p 227 it was shown that the woik done per lb of steam could be considerably 
increased by allowing the steam to expand, but in practice it has been found that 
to avoid a gioatei loss fiom condensation than gam from expansion, the expaubiou 
ratio per cyhndei is stiictly hmited. Willans’ expciiments on steam engines led 
him to conclude that, from an economy standpoint, the ratio of expansion per 
oyhnder should not exceed 

Pressuie range, cut ofF to exhaust, lb. per sq. in. 

. 

This condition, however, does not restrict the Total expansion ratio, 
because, if cylinders are arranged in succession so that after expansion in one 
cylinder the steam is exhausted to the next, and so on, any expansion ratio may 
be obtained, and yet, per cylinder, Willans’ condition may be satisfied. 

This arrangement of cylinders gives rise to what are known as Compound 
triple and Quadruple expansion engines. 

The cylinder which receives the high-pressure boiler steam is known as the 
High-pressure (h p.) cylinder, the last stage of the expansion being performed 
in the low-pressure (l p ) cylinder, whilst in triple or quadruple expansion engmcs 
we have first or second intermediate pressure (i.p.) cylinders 

In very large engines— for example, when the L.?. cylinder exceeds lOOin 
bore— it is customary to fit two L p. cylinders, thereby producing a four-oyhndei 
tnple expansion engine. Two l.p ’s are also used on high speed engines. 

The famous Webb’s compound locomotive had the reverse of this arrangement, 
there were twoH.p. cylinders and one l.p. cylinder which produced the character- 
istic exhaust note of these engines. 


Advantages of multiple expansion.* 

By expanding the steam successively in two or more cylinders the following 
improvements result. 

(1) The temperature range per cylinder is reduced, with a corresponding 
reduction in condensation. 


(2) The loss from cylinder condensation is not cumulative, because re-evapora- 
tion in the early stages of expansion allows the later stages to expand the steam 
still further. 

The loss by condensation is therefore restricted to the l.p. cylinder. 

When using superheated steam compounding becomes less effective so that 
quadruple expansion engines are not now made, and the two cylinder compound 

Ai. Jfi jt 1 . 1 


(8) lifter eyirnders may be employed than in the case of a simple engine, 
fer a tople engjujie to ulalise the same expansion ratio as a compound 
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engine would involve a cylinder strong enough to withstand the H p. steam and 
I voluminous enough to contain the l p. steam. 

(4) Leakage past valves and piston is reduced because of the reduced pressure 
diifeienco across these components, 

(5) The greater economy of steam makes the fire boxes of transport vehicles 
last much longer than in the case of simple engii\e&. 

(6) A simple type of valve gear may be used, even "with a large total expansion 
ratio, since even then the expansion per cyhnder may not be more than three to 
one, so that the slide valve may be employed This advantage is paiticnlarly 
valuable in the case of loversible engines. 

(7) The steam may be reheated after expansion in one cylinder, and before 
entering the next. This method, which was introduced by Mr Weir, arrests 
oylmder condensation. 

(8) The forces in tho working parts are reduced, as the forces are distributed 
over more components. 

(9) The turning moment is improved if the tandem arrangement is avoided. 
Even if simple cylinders have the same crank arrangement as a compound, the 
turning effort is not so uniform because of the greater pressure difference in the 
simple engine. 

(10) Mechanical balance may be made more nearly perfect, and therefore high 
speeds are possible. {8peed itself is conducive to improved thermal economy, and 
if, as frequently happens, the driven machine runs at a high speed, direct coupling 
is possible. 

(11) The engine may start in any position. This is of advantage in manne work, 
locomotive work and mining work, although for winding in mining it is said that 
the cage is more difficult to manipulate with a compound engine than in the case 
of the simple engine, because of the steam in the receiver (p. 258). 

(12) By making the cranks and connecting rods identical fewer spare parts 
need be stocked. 

(13) In the event of a breakdown, the engine may be modified to continue 
working on reduced load. This is a valuable asset in marine propulsion. 

(14) The cost of the engine, for the same power and economy, is less than of a 
simple engine, because of the very heavy "Scantlings” (i.e. connecting rods, 
etc,) that would be required if all the work were done in one cylinder. Although 
more numerous, the scantlings of compound engmes are much lighter and 
therefore cheaper. 

Methods of compounding. 

) To enstixe interohangeability of parts it is customary to arrange the cylinders 
with equal strokes, and to adjust the crank angles so as to secure reasonable 
balance and torque, combined with the ability to start in any position. Frequently 

th« conditianfii cannot be satisfied simultaneously, so a compromise has 
1 to be which ofben yesults in theH.F. oylmder exhausting at a time when the 
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L.r. cylinder is not requiring steam. Provision must therefore be made in tb 
form of a receiver for the storage of the steam. 

In most engines the connecting pipes and steam chests have sufficient volume 
to prevent undue pressure ductuationb on the exhaust fiom the h.p. cyhnder. 

Estimation of cylinder dimensions. 

A problem which presents considerable difficulty to bcgimiers is that of 
estimating cylinder dimensions of a compound engine by first'concentratmg on 
the L.P. cylinder, and regarding it as capable of 
developing the combined power of the h.p. and 
L.P. cylinders, when supplied with the same 
mass of high-pressure steam as originally sup- 
plied to the H.p. cyhnder. 

That, in the absence of condensation and 
other losses, this is true may be appreciated 
from Eig. 125, where the separate indicator 
diagrams for the h.p. and l.p. cylinders are 
combined on to a single diagram, abode, the 
average height of which is representative of 
the power of the engine, and is known as The 
mean effective pressure referred to the 
low-pressure cylinder. 

In this diagram we assume that the expansion curve is continuous so that the 
swept volume of the l.p. at cut off is equal to the total swept volume of the h.p 

Now consider the effect of making the l.p, cut off earlier, but leaving the i.p 
cut off unchanged. At cut off the l,p. cylinder is now incapable of contaimng the 
expanded steam from the h,p. so the h.p. piston on its return stroke must compresb 
this steam until the volume can be accommodated. This compression raises the 
receiver pressure and increases the work done by the l.p. cylinder at the expense 
of the H.P, In the limit, when the l.p. out off volume is equal to the h.p cut off 
volume, the negative work done on compression is equal to the positive work so 
theH.p. cylinder becomes ineffective and the l.p. takes the entire load, althcugh’ 
not with the same economy of steam. 

The M.I 1 .P. referred to the l.p. cylinder may be computed from the equation 

M.a.p. s= Diagram factor ^ + log^ R) - jj , ( 1 ) 

Swept volume of L.P. cylinder , .. i. 



Volume 


Fig. 125. Combined mdicatoi 
diagram. 


where B 




_:&[,M.F*x£fxAxjyx2 
33,000 ^ 





imriaji pressure ana oaox pressure 
(I) Md (2), trith a tefrtaf4.ve value J 
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of the diagram factor, there aie but two unknowns: tlio length of the stroke L 
and the aiea of the piston A . 

Now the length of the stroke is determined by the rotational speed N, and the 
ability to lubiicate the piston — and it is inad^usable to run with piston speeds in 
excess of 850 ft. per min. 

' Average piston speed = f.p.m. (3) 


Fiom equations (1), (2) and (3) therefoio the bore of the L.r. cylinder may be 
readily determined. 

For the h,p. cylinder the conditions are not anything like so rigorous, since we 
could arrange this bore so as to secure 


{a) An equal temperature drop per expansion to obtain economy of steam. 

(b) Equal development of work by then.?, and l.p. cylinders to give a uniform 
turning moment. 


(c) Equal initial loads on the pistons so 
that L.p, and h.p. rods and gear may be 
stressed to the same extent. 

In practice it is customary to strike a 
mean between equal initial loads and equal 
work — a compromise which causes a loss 
of energy due to unrestricted expansion in 
the receiver (see Fig. 126). 

Although this pressure drop after release 
is wasteful, yet it is partly counterbalanced 
by the drying effect on the steam which it 
produces. 

'^For equal initial loads on the pistons 



(pi-Pa) area ofH.P. piston = (Ps-Pb) area of l.p. piston. 
If this condition is satisfied, the work done per cylinder is 


H,p, work per stroke 
L.P. work per stroke 




diagram factor, 
diagram factor, 


where is the expansion ratio for the h.p. cylinder and that of the l.p. cylinder. 


Ex. Cylinder dimensions and receiver pressure. 


Estimate the cylinder dimensions of a compound engine to develop 600 i.h:,p. at 
120 r.p.m. Mtiai pressure 120 lb. per sq. in, absolute; back pressure 4 lb. per sq, in. 
absolute; albwable piston speed 500 f.p.m.; ratio of cylinder volume 3*5 ; diagram factor 
b'85* out off in s,P. at 0*4 stroke. 


£ 7-3 


/ 5 
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If cut off in L.P, is at 0-53 stroke, determine the approximate l.p. receiver pressure 
and compare the initial loads on the pistons. 

Assume no clearance. 

Xotal ratio of expansion = ^* = -^ = iS. 

\ 


M.E.P. for the whole engine referred to l.p. 


. .V .. ■t.j'iJ.t . ■ .'j! 


= ^(l+2-31ogi„8-76)-4 = 39-6. ^ 

Actual M,E.P. = 0*85 x 39-5 = 33'6 lb. per sq. in. 

'2,PLAR 33*6.4x600 


Fig. 127. 


I.H.P. = 


33,000 


33,000 


= 600. 


•n* 4. 47 /33,000 4 . 

Diameter of n.p. = . / x ~ = 35*4 m. 
N 33*6 TT 


Diameter of h.p. = 


18*93 in. 


Stroke = 

For hyperbolic expansion pi«j = 


600x12 

2x120 


25 in. 


• * « l 20 xV 

*^ 8 ‘ 75 x 0 * 63 r 

t ' ^ ' I 

' . Beceiver pressure pg = 26’9 lb. per sq. in, 

.. (theatrok^ bring aqnaJ) 

'..'V 'W-Sg-S) 1 i 1-22 

r ' " 1 . ' ' ' ‘ ' ' 

m, Gyiind^ dlsu^qters for deyeloptag equal powers, (London B.Sc. 1922,) 




Ml 


I ■, 1 iff 


and‘' 3 daglei 3 |tj^.^qle^PjC}^, and 



V H%fW 


UV f •!% 



H.P. =* 
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12 x 4 x 33,000 


125. 


Equivalent Sincle Cvlinoer EN6iwEy» 


V 16x7rxll0x2 

Work dbiie in h.p. = +p^v^logfi -p^v^, 

Pi 

but PiVi = PzH- 




/. Work done in h,p. = p^v^ log, 


Pi 



Work done in l.p. - p 2 h+Pi^i^^Se^-'Pb^S' 

Pz 

Equating work done in h.p. cylinder to that 
done in the l.p. cylinder: 

= i^2V2+i?2«?2l0ger2-i>I,W8. 
Pif^s^ PihU--^^og,rz-log,ri]. 


. Ph 


Volume 
Fig. 128. 


Whence 


But 

^ = 15 (given). 

also 

r, = S aad = 

C=C4:.' 


- 7 ^2 1 3 X 15 , ^ g„j, 4 * 

106 ” r 

log,J-lcg,16 = |. .-. 1=16x1-772. 

*' > 1 V it ' ' 

. Ratio bfexpanBion;forB:.P, cylinder = 0*16; , 

also’ 

1 i 

% % 1® , 

- '^>5r«“FTA- r ' 

Vi % 5*15 . / , 


, ‘ M Va" '*',1 i'V'.i ", !’ ' V 'i'!''' \' ,f, 
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Ex. Power developed by a compound locomotive. (B.So. 1934 ) 

mat we the advaiitai!e 9 of compounding, and what factors govern the ratio ot 

cylinder volumes employed? » , , ,, , 

Estimate the horse-power developed by a four-cylinder compound locomotive given 
the following paatiouldis: Steam pressure 400 lb. per sq. in , exhaust 20 lb. per sq. in.; 
diameter of the two H p cylinders 10 m.; diameter of the two l.p. cylinders 20 m ; 
stroke 26 in. for all oyhnders; h.p. cut off at 0'55 slioke; l.p. cut ofl at 0-36 staoke; 
r p.m* 14:0. 

Assume hyperbolic expansion, and take a diagram factor of 0-65. Neglect clearance 
effects. 

Work done per stroke, assummg hyperbohc 
expansion, 

= ^{l-f-loger}-^)6«. 

M.E.P. of H.P. cylmder = — {1 d-logari}— p 2 » 

M.B.P. of L.P. cylinder - — (1 


^ .. H.P. volume 

Ratio T 

L.P. volume 


^2 

202 “ y 




V 

^•55v^ \ 

hj. \ 

1 

V 

* fi -V r- 

400 Lb.perS9./n. 

^ 0-35!^ — ► 

V 


v///////////Jy///z//////m 


/?^“20Lb.p£rS9^ 


Fig. 129. 


and for hyperbolic expansion 


5|5fx400 = 0-35Fxpj. 

4 

Pa = = 157 15. per sq. in. 

Mxs. of H.P. = 0'66 X 400 1 +log.|^ j - 167 

= (220 X 1-5971) -167 = 194-5 lb. per sq. in. 
♦ 

Actual M.E.P. = 194-5 x 0-65 * 126*3 lb. per aq. in. 

M.E.P.ofL,p. «0*36xl67|l+log,pgj-20 

~ (54-9 X 2-0498) -20 ~ 92*5 lb. per sq. in. 
Actual M,B.P. *a 0*66 x 92*8 » 60*1 lb, per sq. in. ^ 
2rPLAN PxnD^x^xhN 





^ / 1 1 f i 

' 5 *'^ 


32,000 4x33,000 

„.0x26 \ _ 
®00><ISP69‘2’ 


_ 140x26 1 FZ>> 
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x, XT, . „ -r. > ii, 2 X 12G'3 X 100 _ 

For the t-w o n p. s, the h p. ~ ^ = 365-2 

69-2 

X, XU ^ , 1, 2 x 60-1x400 ^ 

For the two l.p ’s, the if.P. = ^ ^ ~ 605-0 

ToUl horse-poAver = 1060-2 


(Senior Whitworth 1924.) 

Ex. Indicated horse-power of a compound engine having clearance. 

Find the ratio of cylinder diameters for a double-actmg condensing steam engine. 
The steam supplied is at 150 lb. per sq. m gauge, and the exhaust 2 lb. per sq. in, 
absolute, (hit off in each cylinder to be at half 
stroke. Clearance volume 10 % in each case. Total 
expansion ratio 10, assuming a diagram factor of 
70 %. Calculate the I.H.P. if the steam used per 
hour was 2400 lb. 

If the total ratio of expansion is reckoned on the 
swept volume, then 


^4. 


:= 10 . 


Batio of cylinder volumes = ^ 

Vi 2yj 

By (1) in (2), 


....( 1 ) 

...( 2 ) 


Batio of cylinder volumes = | x 10 = 5. 

Ratio of cylinder diameter 



a/5 

1 "het 


2-235. 


M,E.P. -with clearance = -f etj iog^ (®®® P* - 

To determine pg the expansion curve is assumed continuous,* since but one diagram 
factor is given, so that p^Vi = PaVL 

Vi 166 


pg « 33 lb. per sq. in. absolute. 

M.E.P. ofH.P. ~ 165j^|-f ~ 109-3 lb. per sq. in. 

M.E.P. of L.P, « Ssj^id- (1 + 1 %) - 2 « 26-46 lb. per sq. in. 

* 

Since nothing is said about the dryness after cut off we must assume the steam dry 
and saturated, and if we consider 1 Ih. of steam is used per stroke the specific volume 
at 165 lb. per sq, in. is 2*78. The mass of steam remaining in the h:.p. clearance at 33 lb. 
per sq. in. is 

10x12-67 "“125-7^ 
where 12-67 is the specific volume at 33 lb. per sq, in. 

f p, 2*70 on oomWning indicator diagraiuia. 
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Total Tolume at cut off = O'Sca = 2-78 J . whence 

— 4-813 on. ft., % = 24-065. 

Work done per lb. of steam = 144 [109-3 x 4-813 + 26-46 x 24-065]. 

2400x144x1163 


Ideal I.H.P. - 


= 203. 


60x33,000 

Actual i.H.P. allowing for a diagram factor of 70 % is 142 h,p. 


Ex. Trial of a compound steam engine. (B.Sc. 1932.) 

The following data were obtamed in a test of a compound steam engine with cylinders 
ai‘5and27-5in. bore, and stroke 26 in.: Steam pressure at stop valve, 1701b. pe^sq.in.; 
temperature at stop valve = 187® C.; condenser vacuum 26 m. with a 30 in. barometer; 
cut off inH.P. cylinder at | stroke; r.E.P. = 260; b.h.p. = 236; r.p.m. = 140. Steam used 
per hour « 4700 lb.; circulating water per hour « 66,000 lb.; hot well temperature 
« 46'' C.; inlet and outlet temperatures of circulating water = 12-6'’ and 60° C. 



Eig. 131. dpmpound engine trial. 


' , Draw up a heat account for the test in ojac.tr. per min. 

I Bind th^ overall diagrajEn f^tor, and the efi&oiency relative to the Eankine cycle, 
' hoth'^th reference to the indicated ' work; ‘ , ~ 
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H.P. volume at cut off 
L.P. volume 


1 zrx H-52 


3 4 


X26-0. 

x26-0. 


(27‘5\® 

~g| x3 = 17*13. 

170 

M.E.P. referred to L.P. cylinder = — [1 +log, 17*3] - 1*95 = 36*15 lb. per sq. in. 
The actual m.e.p. may be computed from the equation 


I.H.P. - 


PLAN 
33,000 ' 


n _ 260 x 33,000x12 x 4 
“2x26x7rx27*5xl40”' 


^ - 23*8 

Diagram factor == kft? ^ 0*658. 

OO'iO 


Rankine efficiency. 


JS at 170 lb. per sq. in. and 187° C. = 667*1 
c=, 324*8 x 1*5657 « 509*0 


Net work 

RanMne efficiency ?= 
Thermal efficiency ^ 
Relative efficienoy 


162*7 


667*1-51*6 

6126 


48,827 

12*53 


26*4 


168*1 

4*6 

162*7 

=^26*4%. 
- 12*53%. 
-47*6%, 


& ,Thiple-<expan$io]i engine, \ (B.So, 1938.) 

A triple^^pwsion engine i$ supplied yidth steam at 180 pet sq. in, and the con- 
denser is 31b, per sq, in. The overall expanaon ratio is 13. Neglecting clearance 

effscts; asswipipg ' 110 pressure drop hf, release la the high 'pressure and intermeffiate 
pressure cyl^decis, and’ assuming' hyperboHc’ expansion,^ ^ the ratios of the 

h^h cylffideraa^nffity^'-ii^ordertha^ e<5[ual powers 

iiYi’ittaT H'f.Aiii.-m oh'the tlnos pistons! 



^ f ^ ^ y.' ‘ » 9 < S » 


'v 
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The back pressure for the h.p. cylinder is pg, and that for the i.p. p^] so that the 
work done by these cylinders respectively is iJi'^^iloge“ and • 

The total work done by the engine 

= I.M.E p. referred to the l,p. x 

= /^[H-logJ3]-3| \iiVi = 46-4X 144x »4. 


For equal powers, 


Vo , Va 4r)'4x]44x?>^ 

== “3 

t'j 2 

. 1 *’2 i„„ % 464x1)4 

. . log4r -“&.r = 


'V^ 


’vg 3xl80xvi’ 


•d) 


and ^ i.e. the ratio of expansion for the h.p. cylinder, is equal to the ratio of 

Vi Vg 


i 

expansion fj for the i,p. cylinder. 


The total ratio of expansion i2 ^ = 13 and the relation between Te, Vj, n and R 


is given by 


_ Va Vg Va 

^ R ~ — X X— . 

Ui Vz Va 

13 






.( 2 ) 


By equation (1), 

By (3) in (2), 


, 46*4x13 

^OggTE ~ ^ « 1*117. 


(3) 


180x3 
Tb « 3*00. 

I.P. volume ’ 

Hence the cylinder volumes are,H,P^ 1, i. 3 ?. 3*05, L.p, 4*26. 

If the cylinders have the same stroke, the areas of the piston will be proportional to 

A TrAinrVlAa -f.llA friTAAfl An thA THfltAnfl will Tia 


~ 3*002 "" 


^ the cylinder volumes, and the initial forces on the pistons will be 


'.'But , , ■']/ Pi 

Stece lih^4or6es are - ' 


■: . ) Pi ■ 

3-05’ 


Pa 


Pa _ Pi 


3-(l5 3'05*' 


8^(^~3-0b)’'®'°/ '( 3^6?'"®) 
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^ ■ j. r.^o Althouah the expansion ratios of individual cylinders may be 

kno^'from a ’consideration of the valve gear, the overall expansion ratio is 

“ttotx^nSron an H<l> diagram, and use 

equal power. - abs. dryness ■0-97, pressure drop over 

gowmor vXe^lO% of the main steam pressure, back pressure lOlb. per sq. in. 
“'’Dynamo efficiency 850/o, mechanical efficiency of the engme 86%. 

tort" utl: "a^d spe^ffic steam consumption. 

1 



9 

Fig. 132. 

. a. «* tg” “r;r« «» ^ i— 

' S; SIS. «». ‘‘■•"“‘i?' y-™ 

; idllpws. ,.06x 190^^200 = (A.H.l).)Hj.+(AJ*-»-kr.-.‘ W 

!■: ' / .•Oumiilattvpbeat,&op,,= l- 05 ,>$.t 9 d'-^w , «■ ,, 

:■ , 

S' I’i 2 ghms'a,re«ve? p^snre of 


f ;f ■ 


•s' ft’j' t \ ^ t ' ' 






208 The Reciprocating Steam Engine 

Useful yiork inH.F.=^6J:B.T.TJ , and for the l.p. 57 b.t.it. 

Taking a receiver pressure of 501b. per sq. in., to obtain greater equality of 
work, gives then.? work, 61‘5 and l.p. 60*5 b.t.ij. 

33,000x60 „ 

Specific steam consuniptioji = 77g^g2 ~ -5 + 6Q^~'^^ 


The cylinder sizes cannot be obtained from the rate of steam fiow and the 
conditions given by the diagram, since the conditions refer to the steam 
outside the cylinders. 

However, the volume ratios given by the diagram will be indicative of those 


obtaining in the actual engine; so long as the actual expansion curve is not widely 
different from the Rankine. 

On this assumption 


H.P. cut off==: 


0-988 X 3-1 
0-943 X 8-6 


= 0-38 say 0*4. 


Cylinder volunfe ratio = 


0-915x38-4 . , 
0-943 X 8-5 ■ 


The low efficiency ratio of the l.p, causes the actual cycle to depart widely from 
the Rankine, so an accurate determination of the l.p. out off could not be made 
from the diagram. Instead, make use of thejpr diagram, and on the assumption 
that the expansion line is continuous 

0-4 X H.P. -volume x 148*3 = l*p. cut off volume x 50. 


L.p. out off « 


0-4 X 148-3 n:.p. volume 

. — 

50 L.p. volume * 


Taking a volume ratio of 4, the l.p. cut off:ii=0-3, and the overall ratio of 
4 

expansion ~ ^ ~ 

Ror harmonic valve gears the out offs are so early as to necessitate the use cf 
negative exhaust lap. 


Cylinder proportions by conventional equations 

stroke = = 7-2 say 7 m. 


M.I.P. 


lefenedto M. = 0-0 1^148-3 1 lej ^ 23'4Ib. per sq. in. 

xl’34 28'4 X 7 X X 1000 



0'86> * 12 x 38,000 

^ 224sq. in* =» 17in. 

rplume (Dr^ Y 


velwhe 


r> SA 





»8'Sin, 
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To check the balance of powei it follows that for equal strokes A^r. i> 

should equal 


(M.E.P.)nP == 0-85 j 

= 54*1 lb. per sq. in. 

{M.E.P.)„ = 0-55 j^SO _ loj 

= 12*7 lb. per sq. in. 


Aaj , (m.B.P.)hp = 66-75 x 54-1 = 3070. 
i4Lp (m.e.P.\p = 227 X 12-7 = 2880. 


Considering the tentative values of the diagram factors this balance is fairly 
good, but it could be improved by making the l.p. cut off earlier — or the h.p. 
cylinder bore smaller. 

Total I.H.P, = [3070 + 2880] = 105. 

„ . , 50x1-34 „„ 

Required h.p. = — - 93. 

0 - 86 ^ 


The disagreement in power is due to the separate diagram factors not being 
correctly related to the overall diagram factor. For the cut-off worked to in the 
H.P. it is more than likely that the diagram factor will be less than 80 %. If so, 
this will give a better balance of power and a total power more nearly equal to 
that desired. 

Power control by throttling. 

If the initial pressure in the h.p. cylinder is reduced, the cut off remaining 
unaltered, then the terminal pressure in that cylinder must also be reduced, and 
in consequence the admission pressure to the l.p. cylinder will also be lower. 



■Throttueo Supply 




Volumc 




Pig. 132a. Throttled condensing engine. 

The result is a diminution in the power developed in each cylinder, the ratio of 
the wcUjh done in then-P* (Cylinder to that in the h.p. cylinder tending to increase. 
Tlis is the cbnvei?se of out off control. Further, since the control is by thxottlmg, 

* stepa (Kjnsrhmption of the engine in lb. per min. will follow Willans* Law. 
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Power control by cut off. 

It follows fioiu the relation — Pa ^2 fbat if is reduced without uuy alter- 
ation in V 2 or in the terminal pressure 2h reduced m proportion to 

the reduction in v^. This change in reduces the work done in the lp. 
cylinder (see Fig. 133) without making a great alteration in the power developed 
hy the H.r. cylinder, because the reduction in h.p. work due to the contraction 
in the volume Vi is oompeiisated for by the increased pressure range to p^. 



' Volume 

Fig. 133. Variable cut off m h.p. cylinder constant m l.p. cylinder. 

To counteract this disparity of work the out off in the l,p. cylinder should take 
place earlier so as to build up the receiver pressure, thereby increasing the l p. 
work at the expense of the h,p. (see Fig. 134). This variation in l.p. cut off will 
not affect the steam consumption or the total work done. 

From an economy standpoint powm: control by varying the point of cut off 
is to be preferred to throttle control, because the available heat drop is not 
reduced. 



Receiver Pressure * 


Volume 


Fig, 134. Variable cut off in cylinder constant in h.p. cylinder. 

Tim combination of indicator diagrams few: a compound engine. 

In Orto to combine the indicator diagrams for a compound engine, and thereby 
i demonstrate— on a common scale— the departure of the actual diagrams from the 
ideftij we must first obtain the average indicator diagram for both sides of the 
and both sides of the cylinder. 

. , . . ^ ^ diagram for, say, the crank end 
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Specific volume of dry satuiated ^team at 8 lb. per sq. in is 47 '3 cu. ft. per lb. 

2*655 

Mass of cushion steam - = 0-00624 lb. 

47*3 

0-0806 

0-00873 

Total mass of steam in h.p. at cut oflP = 0-08933 

0-0775 

0-00624 

Total mass of steam m l.p. at out off = 0-08374 


Whence by selecting various pressures, and their corresponding specific volumes, the 
following tables were compiled from which the saturation curves were plotted; 


Preasui’e, lb. per sq. m. 

76 

66 

56 

46 

36 

26 

Specific volume 

5-76 

6-67 

7-66 

9-21 

11-59 


Actual volume 

0-514 

0-686 

0-685 

0-823 

1-033 

IB 


Pressure, lb, per sq. m. 

26 

20 

16 

12 

8 

Specific volume 

16-71 

20-07 

24-7 

82-36 

47-29 

Actual volume 

1-316 

1-68 

2-067 

2-706 

3-964 


I 


EXAMPLES OX THE SIMPLE STEAM ENQIXE 


312. Effect of expansion index on work done. 

In the hypothetical diagram, no cushioning, no clearance, prove that the mean effec- 
tive pressure is given by 

if the law of expansion is jpv” « constant. 

In three different cylinders the diameter is 1 ft. and the length of stroke 1 ft. 9 in., 
steam is admitted at 85 lb. per sq, in. (gauge), and the back pressure is 3 lb. per eq. in, 
absolute. Find the work done per stroke and per cu. ft. of steam in each, if 

m the first cylinder pv — constant, 
in the second cylinder *= constant, 
in the tb'rd cylinder p#® ~ constant. 

|■i9 6ctn«lto4illea^aloa8e. 11^20, 8170; 10,375, 7650; 12^0, 8920. 
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1 3 . Compression in steam engines . 

In a steam engine the clearance is 5 % of the volume swept by the piston in one stroke, 
and the back pressure is 17 lb, per sq. in If compression begins at 0-3 of the stroke from 
the end of the exhaust stioke, find the pressure at the end of compression. 

Also find where compression should hegm in order that the pressure at the end of 
compression may be 86 lb. per sq in. 

Assume hyperbolic compression. Am. ll‘J lb. per sq. in.; 0*2 of stroke. 

14. Indicated horse-power given mean effective pressure, speed, etc. 

The diameter of a steam engine cylinder is 40 in. and of the piston rod 5 in. The mean 
effective pressure on the back end of the piston is 40 lb. per sq. in. and on the crank end 
42 lb. per sq. in. The stroke of the piston is 4J ft. If the speed is 1 20 r.p.m., find the i h.p 
developed. Am. 1672 h.p. 

15. Hypothetical diagram: clearance, release, compression. 

The clearance volume of a double-acting steam engine is 8 % of the effective volume 
The diameter is 12 m. and the stroke 16 in.; cut off 35 %; release 95 % and compression 
88 % of the stroke. Assuming that the expansion and compression curves are hyper- 
boIiCj draw the theoretical indicator diagram for a pressure range 80 to 15 lb. per sq. in. 
absolute. 

If the diagram factor of the engine is 0*7, find the h.p. developed at 120 r.p.m. 

Am. 32h.p. 


(B.Sc. 1930.) 

16. Bore and stroke of double-acting engine with clearance and compression. 

Calculate the bore and stroke of a double-acting steam engine which will develop 
60 at 180 r,p.m. when supplied with steam at 90 lb. per sq. in. and exhausting at 
15 lb, per sq. in. Take a clearance volume 10 % of the swept volume; cut off at 042 of 
the stroke and compression « 0*80 stroke. Assume diagram factor = 0-9 and that 
expansion and compression are hyperbolic. Batio: Stroke/Diameter - 1'5. 

Am. Bore 9| in.; Stroke, in. 


17. Cylinder volume allowing for clearance and compression. 

Ehid the volume of the cylinder of a double-acting, non-condensing engine to give 
1000 when the speed is 100 r,p.m. from the following data : Boiler pressure ~ 160 lb. 
per sq. in. gauge; pressure at end of compression « 76 lb. per sq. in, absolute; ratio of 
expansion 3; diagram factor »= 0*909; clearance ratio — 1/9. 

Assume pv « oonsl^nt for expansion and compression. Am. 14*12 ou. ft. 


18. Trial of a simple steam engine. 

The following observations were made during a trial of a single cylinder steam engine; 



Steam used per hour 
Revolutions per minute 
M.S1.P- (avera^ both diagrams) 
Brake load 


Ojlinder diameter 
[er stroke 
:vie brake Radius 


« 126 lb. 
w 1004 (mean). 

16*8 lb. per sq. in. 
143*7 lb. 

« 39*7 lb. 

8*5 in. 

«lft,0in. 

« 1*96 ft. 



The Reciprocating Steam Engine 275 

Calculate the x.h.p., b.h.p., the mechanical efficiency, and the steam used per i.h.p. 
per hr. 

Ans. 6'8 : b,h.p., 3-87 ; Mechanical efficiency, 66*7 % ; Steam per i.h.p. per hr., 

2] '72 lb. 

^ 19. Heat supply and thermal efficiency. 

A steam engine uses 8*56 lb. of superheated steam per i.h.p. hour. The admission 
piessure is 150 lb. per sq. m. and temperature 300° C,; (7j, = 0*53. 

If the exhaust pressure is 2*85 in. of mercury, calculate the heat supply per i.h,p. 
per minute, and the thermal efficiency. Ans. 97*6 ; 24*15 % . 

20. Mean indicator diagram weight of cushion steam, etc. 

The diagrams on Fig. 137 were taken on a double-acting steam engine, cylinder 
diameter 8*73 in.; stroke 22 in.; clearance 11*6 % of effective volume. At 102 r,p.m. the 
steam supphed was 13*8 lb. per min. Barometer 30*47 in. 



(1) Draw to the same scale the mean diagram of the card, 

(2) Calibrate the diagram. 

(3) Find the h.p. developed in the cylinder and the thermal efficiency. 

(4) Find the weight of cushion steam. 

(5) Find the weight of steam in the cylinder during expansion. 

(6) Draw the saturation curve, and find the apparent dryness of the steam in the 
cylinder at out off and release. 

(7) Draw the hyperbohe curve through the point of cut off. 

(8) Find the real and apparent ratios of expansion. 

(9) Through the point of out off draw the adiabatic, 

=s c. 

Am. H.P. =:23*6; 7*24%; 0*00647 lb.; 0*07407 lb,; a; = 0*762 and 0*838; Real ratio 
of expansion, 2*61; Apparent ratio of expansion, 3* 17. 

21 , Trial of a simple engine. 

The dimensions of a double-acting, non-jacketed, simple vertical steam engine are as 
follows: cylindor diameter = 8*47 in,; stroke = 12*1 in.; piston rod diameter » 3*46 in.; 
brake wheel diameter = 3*90 ft. 

The diagrams in Fig. 138 were taken during a trial in which the following observa- 
tions were made: 

Duration of trial « 40 min. Total revolutions =4973. 

Steam used « 287 lb. Gauge pressure = 33 lb. per sq. in. 

Barometer = 29*96 in. Heavy brake weight = 113-'6 lb. 

Spring balance reading « 24*1 lb. 

i8-2 
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Calculate: 

(1) Brake horse-power. (2) Friction horse-power. (3) Indicated horse-power. 
(4) Mean effective pressure. (5) Mechanical efficiency. 

(6) Weight of steam used per i.h.p. hour, and per b.h.p. hour. 

(7) The total heat per Ib. of steam, dry and saturated, reckoned above water at 
100° C. 

(8) The heat umts supplied to the engine per I.H.P. minute. 

(9) The thermal efficiency. 



Determine the percentage of the stroke, and also the crank angle, measured from the 
inner dead-centre at which the events of cut-off, release, and compression take place. 
Connecting rod is 6-95 cranks. 

Ans. 4*12 K.P.; i5'6 lb. per sq. in.; 13*51 lb. per sq. in.; 6*16; f.h.p,, 2*03; 
Mechanical efficiency, 67*1 ; 70, 104*2 Ih. per hr.; 663 C.H.U., 762 o.H.u.; 3*66; Out off, 
54%, 89°; Release, 95‘6%, 165° ; Compression, 7*3%; 302°. 


22. Heat balance sheet for a condensing engine. 


A condensing steam engine running at 102*8 r.p.m. develops 63*2 i.h.p. It is loaded 
with a friction brake of radius 4 ft. 11 in., and the heavy weight and spring balance 
readings are 633 and 40 lb. respectively. 

, The following observations were also made; 


Barometer ’ 20-1 in. 

, Condenser vacpum » 23-6 in. 

Steain used per hour ' =1180 lb. 

' Cooling water temperature rise = 28-64° C. 

, Gauge pressure “ = 66 it), per sq, in. 

,Condense4 steam temperature =67°C. 

Cooling water per hom = 19;$60'ib. 


by the eujgiue per minute 


en^e, showing the heat reoeived^and rejected 
efficiencies and .also the dryness of the steam ^ 
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I Another engine of the same type and power takes 17| lb. at Ml load and 23 lb. at 
half load. 

1 Find the total consumption of steam in each, if put to work on a variable load as 
\ follows:3hr. atfload, and21ir. atfload. 34,500 lb. ; 34,250 lb 


i sM. Dryness fraction and missing quantity. 

Find the drjmess fraction and missing quantity in the case of an engine where the 
pressure is 60 Ib. per sq. in. absolute, volume 0*5 cu. ft. and mass of steam 0-08 lb. 

ilws. 0*87 ; O’Ol Ib, 

25. Missing quantity. (B.Sc. 1939.) 

Make a list of observations necessary in order to draw up a heat balance for a steam 
engine and its condenser. 

Describe, with reference to an indicator diagram, how the “missing quantity’* of 
steam in the cylinder could be determined, and discuss briefly the means used in practice 
to reduce this loss. 




Thermal efficiency. 

The cylinder of a steam engine is 18 in. 
diameter by 24 in. stroke and the clearance 
. is 8*2 % of the stroke volume. The indicator 
diagram taken on the engine is given in 
Fig. 139 and the apparent dryness of the 
steam at point P on the expansion line is 
0*74. The pressure calibration line on the 
diagram is 50 lb. per sq. in. above atmo- 
sphere. The boiler gauge is 83 lb. per sq. in., 
the barometer is 29-8 in, of Hg, the steam 
' supply is dry and saturated and the exhaust 
is to atmosphere. Find the thermal efficiency 
of the engine. Ans, 9-62%, 


(B.Sc. 1930.) 



! 27. , Initial condensation. 


{Junior Whitworth 1930.) 


, , Contrast the performance of a simple engine as regards horse-power and steam 
consumption, with that of one of the same dimensions in which there was no initial 
' condensation of steam. 

j . Illustrate your answers by sketches of indicator diagrams and possible results. 


28. Heat flow through cylinder walls. 


(Senior "Whitworth 1925.) 


, Dne^pqimd of steam expands in a' oj^Iinder from' a pressure of 170 lb. per sq. in. to a 
pmsjsure, of 3'8 eq. absolute. The change of. volume during thej expansion is 
Find tbn amount of .heat, passing through the cylinder walls 

beat adided =7 i22'f 1*067* 

i® ** lu' '’Vs’jI.' .1 "* ’ 'I l.fl! .1’ I j 1 ” „ ‘ * ■* , j i ^ 

i’ll 1 ' . 0 ^ ‘ ' ‘ 1' I ' i ^ t - r<* ’ ^ f J ' ' . ' ‘ ‘ ^ < 
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examples on compound engines 

29. Indicated horse-power given mean effective pressures. 

Steam at 110 lb. per sq. in. gauge is supplied to a compound double-acting steam 
condensing engine having H P. cylinder 10 m. diameter, l.p. cybndei 18 in. diameter, 
stroke 18 in. Determine the i.n.P. developed by the above engine when running at 300 
r.p.m. if the m.b.p. in theH.P. and l.p. were 23-3 and 19*0 lb. per sq. in. respectively. 

30. Indicated horse-power of a compound engine. 60-6 hp. 

Steam at 90 lb. per sq. in. absolute is supplied to a compound double-acting con- 
densing engine havingn.?. cylinder 10 in. diameter, l.p. cylinder 18 in. diameter; stroke 
8 in. What would he the i.h.p. developed by the above engine runmng at 300 r,p,m. 
with cut off in h.p. cylinder at 0*6? Diagram factor = 0*75; back pressure = 5 lb, per 
sq. in. absolute. 

Neglect clearance and assume expansion hyperboHc, Ans. 80-6 h.p. 

31 . Equal initial loads, ratio of cylinder volumes, receiver pressure, low pressure 
cut off, work done. 

In a two-cylinder compound engine the admission pressure to the high pressure 
cylinder is 80 lb. per sq. in. absolute, cut off at 0*5 stroke. The release pressure in the 
L.P. is 8 lb. per sq. in. absolute and the condenser pressure 2 lb. per sq. in. absolute. 

Assuming hyperbolic expansion and equal initial loads on the pistons, estimate the 
ratio of the cylinder volumes, the mean pressure in the receiver, the point of cut off in 
the L.P. cylinder and the ratio of work done in the two cylinders. 

Ans. Batio of volumes, I to 5; 151b. per sq. in.; L.P. cut off, 'is stroke; Katie of 

work done, — « 1*042. 

H.P. 


32. Cylinder volumes for a compound engine. 

For a two-oylinder compound engine, find the cylinder volumes uncorreoted for 
clearance and compression for these data: 

Indicated horse-power » 640. 

Eevolutions per minute ~ 114, 

Initial pressure = 225 lb. per sq. in. absolute. 

Back pressure « 20 lb. per sq. in. absolute. 

Terminal expansion pressure ~ 30 lb. per sq. in. 

Diagram factor =* 0*75. 

Am. L,P, volume 10*28 cu, ft,; h.p, volume = 4 cu. ft., for equal initial loads. 

33. Cylinder dimensions. (B.Sc. Part 1, 1937.) 

A compound double-acting steam engine is to develop 26 B.H.P. at 300 r.p.m. Cal- 
culate the dimensions of the h.p. and l.p. cylinders, given the following particulars; 

Steam supply pressure « 126 lb. per sq. in. 

Back pressure in condenser « 3 lb. per sq. in. 

Cut off mH.p. cylinder at 0*6 stroke. 

Meoh^cal efiedenoy ==» 87 %. 

, OveMl diagram factor =» o*66. 

Stjrokp of each cylinder 1*25 times the diameter of the L.P. cylinder. 

of e3s|>ansions as 10 and assume hyperboHc expansion and 

" n,p,*»4'llin,; ii.p.ssi9‘2in.; 
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34. Cylinder dimensions and separate powers. (B.Sc. 1932.) 

A compound steam engine is to develop 350 i.h p. when taking steam at 125 lb. per 
sq. in., and exhausting at 2 lb. per sq. in. The rotational speed is 140 r.p.m. and the 
piston speed about 600 ft. per mm. The cut off in the e.p. cylinder is to be 0*4, and the 
cylinder volumes ratio 3*7. Allow a diagram factor of 0*83 for the combined cards and 
determine suitable cylinder dimensions. 

It the diagram factor for the h.p. card alone may bo taken as 0*85, determine the 
separate powers developed in the two cylmders when the l.p. cut off is arranged to give 
equal initial loads on the pistons. 

Assume hyperbolic expansion and neglect clearance effects, 

Ans. Stroke, 21| in.; h.p. diameter, 16J in.; l.p. diameter, 29^ in.; h.p. developed 
in H.P. cylinder, 158*6; h.p. developed in l.p. cylinder, 191*4. 

35. Valve adjustment on compound engine. (Junior Whitworth 1930.) 

How are the i.h.p. and the thermal economy of a compound steam engine affected by 
adjustments of the l.p. cylinder valve? 

36. Equalising the power. 

% 

A compound steam engine of 500 i.h.p. is found to be developing 300 i,h.p. in the 
H.P. cylinder and 200 1.H.P. in the l.p. cylinder. If it were considered desirable to divide 
the power more equally between the two cylmders without appreciably changing the 
total power of the engine, state what you would do. Illustrate your answer by sketches 
of the indicator cards before and after the change. What effect would you expect the 
change to have upon the steam consumption of the engine? 

37. Low pressure cut off for maximum thermal efiBlciency. (B.So. 1924. ) 

The two cylinders of a compound steam engine have the same stroke, and the ratio 
of piston diameters is 1*8. Assuming hyperbolic expansion and neglecting clearance, 
find the point of out off in tho l.p. cylinder which will theoretically give the maximum 
efficiency if the cut off in the h.p. cylinder is at half stroke. 

A series of trials on the engine made at approximate constant speed in which the 
point of out off in the l.p. cylinder was varied gave results as follows: Condenser 
pressure » 2*76 lb. per sq. in.; steam supply — dry saturated at 92 lb. per sq. in. 


L.P, cut off 

0-225 

0*264 

0*339 ; 

0*360 


0*67 

B.H.P. 

49 

67 

66*6 

56*1 

64*4 

47*6 

Steam per hour (Ib.) 

1060 

1214 

1J80 

1166 


1090 


Plot on an l.p. cut-off base a curve of thermal efficiency (b.h.p basis). 

Am. Theoretical cut off, 0*385; Steam per b.h.p. per hr.; 21*62, 21*32, 20*9, 20*77, 
21*87, 22*9; Thermal effidency: 10*85, 11*0, 11*23, 11*3, 10*73, 10*25; Best cutoff, 0*35. 

38. Cylinder proportions for a triple expansion engine. 

In a triple expansion engine to develop 2000 i,h.p. at a piston speed of 700 ft. per min. 
the volume of l,p., i.p. and h.p, cylinders are to be in the ratio 1 ; 2*5 : 7*5. The steam 
chest pressure is 170 lb. per sq, in. gauge and exhaust pressure 4 lb, per sq. in. absolute 
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Taking a diagram faetor of 0*85 and cut off in h.p. cylinder at 0-65 of the stroke, J 

calculate the diameters of the cylinders and state a suitable stroke. ’ ^ 

Ans, H.P. 30 in.; m.p. 34?, in.; l.p. 60 in,; Stroke 42 in 

S 

39. Compound engine, (B.Sc. 1929) j 

The fo]loA\ing particulars refer to a double-acting compound engine: h.p. cylinder 
diameter 10 in.; cut off 0'32 stioke; clearance 10% of swept volume, l.p. cylmdei 
diameter 18J m.; out off 042 stroke, clearance 7 % of swept volume. 

If the engine is supplied with steam at 00 lb. per sq. in. and exhausts into a condensei 
at 4 lb. per aq, in., estimate the m.b.p. in each cylinder and the total h.p. developed when 
runmng at 100 r.p.m. Take a diagram factor of 0*8 for the h.p. and 0*7 for the l.?., 
assume hyperbolic expansion and neglect cushioning but take account of clearance. 

Am. m:.e,p. 34 lb. per sq. in.; 9-8 lb. per sq. in. : h.p. 32-26 stroke. 
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CHAPTER X 


REFRIGERATION 

The process of refrigeration consists of the removal of heat from a body that is 
colder than its surroundings. 

Originally the word Heat referred to the sensation of heat upon the nerves of 
the human body; thus we have blood heat, white heat, etc. It would appear 
that an object, at a lower temperature than that of a human being, is deficient 
in heat or — ^as some people believe — ^has none at all. 

Actually the Row of beat from a hot body to a cold body does not depend upon 
the amount of heat at all, but upon the temperature which is analogous to pres- 
sure in mechanical engineering or voltage in electrical engineering. A natural 
flow of heat, then, requires a positive temperature gradient, and even then, it 
does not follow that the faU in temperature of the hot body is equal to the rise in 
temperature of the cold body, since temperature changes depend upon mass and 
specific heat as well as upon heat changes. In fact most refrigerators produce 
cold hy a change of state from liquid to vapour, this change taking place at the 
lowest temperature in the refrigerating system. 

This principle is employed in countries where ice is harvested in winter, and 
stored for the preservation of food in summer. 

Methods of lowering the temperature of a fluid. 

Since heat may be described as a condition of molecular activity; it follows 
that, when we wish to reduce the temperature of a fluid, we must first reduce the 
store of molecular energy. This reduction can be effected by causing the fluid to 
do mechanical work at the expense of heat contained in it, as occurs in an adiabatic 
expansion. 

The other methods employed depend upon different principles, thus: 

(1) The small increase in specific heat of air with a reduction in pressure will 
permit a slight reduction in temperature ( 0. for each atmosphere drop in 
pressure) even if no external work is done. This is known as the Joule -Thomson 
cooling effect. 

(2) If the pressure over a liquid is lowered sufficiently, evaporation will com- 
mence, and if heat cannot flow into the liquid from an outside source, then the 
liquid will draw heat from itself, with a consequent reduction in temperature, or 
change of state. 

This is the oldest and most widely used method of cooling, and upon it we depend 
for mahataining a constant body temperature. 

In the same way the tropical savage cools his drinking water by storing it in 
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In their simplest forms the machines which operate on the methods outlmec 
expel, and thus waste, the workmg fluid after cooling has been elfocted To avoic 
this ^aste m the case of method (2) the vapour may be absorbed by a substana 
for which it has a chemical affinity'*' It may be adsorbed by some porous material 
e g. charcoal, or better still by sihca gel, i from winch it can he driven of 
ultimately by the appheation of heat to the gel Alternatively the vapour may b{ 
compressed mechanically in a vapour compression machine until its temperatuK 
is so high that the heat extracted dnrmg evaporation, together with the woil 
done during compression, may be rejected to some natural sink, i e. the atmospheu 
for a liver. 

It is the necessity for the addition of heat to produce cold that is so puzzling 
to the begmner. This addition follows directly from the Second law of thermo • 
dynamics, which states that heat cannot flow, unaided by an external agency 
from a cold body to a hot body. Just as water cannot flow uphill unaided. , 

The application of the Second law in Nature indicates that the direction o 
all natural changes is one of degradation. 

The cold air machine. 

The first cold air machine was invented by Dr Gorrie of New Orleans in 1845 
and operated as follow s: During compression of the air heat was removed by spra^ 
injection (see p. 92) and during expansion brme was injected into the cylmde 
with the object of supplying heat to the air at the expense of a reduction in tern 
perature of the brine. The chilled brine was then circulated to the cold store, 

Later, through the work of Lord Kelvin, Gifford and Coleman, a machint 
was developed in which air was compressed—oooled at constant pressure pnor 
adiabatic expansion — ^after which the chiUed air was heated at constant pressun 
in effecting the desired cooling by direct contact of the air with the body to b{ 
cooled (see p. 290). I The air was then recompressed and the cycle repeated. 

Of all refrigerators the cold air machine has theoretically the highest efficiency 
hnt, because of the low specific heat and poor conductivity of air, in practice fch 
cold air machine has the lowest efficiency, the efficiency hdng about one-tentl 
that of a vapour compression machine when working between the same tem 
perature limits. 

Absorption machine. 

This machine depends for its operation upon the use of two substances whid 
have an affinity for each other, but in which the union may be broken easily bj 
the application of heat. 

># 

* AhsoEptioii w the case of a solid is a capiffiapy action, whereby a fluid is drawn into smal 
eeeviw All hqpilds will absorb a certain proportion of gas. Adsorption is a stirface aotioi 
be ?legaajded akin to condensation. 
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The principal combinations are sulphuric acid and water, or ammonia and 


water. 

It was in 1810 that Leslie conceived the idea of using sulphuric acid to absorb 
water vapour; and carried out his plan by placing two saucers under a bell jar 
which was attached to a very powerful vacuum pump. 

The vacuum caused rapid evaporation of the water, the vapour from which 
was readily absorbed by the sulphuric acid, which was agitated to prevent surface 
dilution. 

With moderate insulation this machine will rapidly produce ice, but, because 
of small air bubbles released from the water under the low pressure, and frozen 
in it, the ice is opaque and spongy. 

The Electrolux refrigerator (‘‘The flame that freezes”). 


An ingenious small modem absorption machine in which ammonia and 
hydrogen combine to produce a cooling effect has been developed by “The 
Electrolux Co. of Luton”, through whose courtesy I am permitted to publish 
Fig. 140. The machine consists of 

(1) A vertical boiler in which an aqueous solution of ammonia can rang© itself 
from almost distilled water at the bottom of the boiler to strong ammonia vapour 
at the surface of the liquid. 

(2) A water separator which is provided to prevent water entering the evapo- 
rator, where it would freeze and chohe the machine. The water is derived from 
the steam generated with the ammonia in the boiler. 

To remove the steam and at the same time allow anhydrous ammonia to pass 
on to the condenser, the separator is jacketed with liquid anhydrous ammonia 
at a pressure of about 200 lb. per sq. in., for which the saturation temperature 
18 38 *^ 0 . 


f - 


, ' (3) The anhydrous ammonia is liquefied by passing it through a condenser, 
after which the liquid gravitates to a U-tube type of gas seal prior to entering the 
evaporator, which is labelled low temjperature radiator in Fig. 140. 

'll \ ^ 

(4) ,In the evaporator the aihmonia meets an atmosphere of hydrogen’’' at 
170 lb. per sq. inj Now since the plant is charged to a pressure of 200 lb. per sq* in 
Dalton’s law operates in the evajibrator, the pressure of the NHg falling’ in eon 
sequehee to 30 lb. per sq. in. and the, temperature to - 18° C. 

' In general this temperature will be, considerably Tower than the ambient air 
vsp'that ttLe a^ evaporates as thq result of heat^flowing in from the sur 


, dissolve i 

-i> 'file' on, due side an 

ihe: u-tube; tbe-pte'tob ’difference ifflrdmoting cirobl^ipU bek 
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(5) To secure continuous action the hydrogen must now be sepaiated from the 
ammonia vapour. This is effected in the absorber, where a descending spray of 
very dilute ammonia meets the ascending mixture of hydrogen and anhydrous 
ammoma vapour. 

The ammoma vapour is rapidly absorbed with the evolution of heat, so that 
the absorber has to be vater or au cooled, otheivise evaporation would take 
place in this unit, and absorption cease. 

With a view to further improvement in thermal efficiency, heat interchangers, 
operating on the contra-flow principle, are placed on the outlets from the absorber 
and evaporator. 

The strong solution issuing from the absorber is preheated on its way to the 
boiler, and in turn the dilute solution on its way to the absorber is cooled, thereby 
accelerating absorption. 

To reduce the quantity of heat returned to the evajiorator by the hydrogen, 
and to use it profitably, an interchanger is fitted on the evaporator. 

The circulation in the unit is effected by gravity, so that no working parts are 
involved, and the machine is veiy compact, durable, and easy io regulate. 


Adsorption machines (^‘Sand that freezes”)* 

In these machines the solvent liquid is replaced by a solid ini o the minute pores 
of which the vapour, used for the production of cold, is ‘^adsorbed”; later the 
application of heat will release the adsorbed vapour. 

“ Silica gel ” is the most widely used adsorbent. It is a hard substance resembling 
quartz sand, and is produced firom sodium silicate by the action of an acid The 
name “gel” is misleadmg, because its final form is not jelly-like, but granular, 
although during production it passes through a gelatinous stage. 


Absorbers 




TTTv-^ 




Heatjn® CotLS 



Tra*?^ Prevent Vapovr 
Passing into the Evaporator 


Fig, 141, Silica gel refrigerator. 


When employed for refirigeacaMon the gel is used in conjunction with solphnr 
In its aotdvated form the gel will adsorb SOg so rapidly that a low pres- 
sure is produced^ “^th its corresponding low temperature, 

have tfifken up about one-fourth their ‘weight of BOg, 
^ becomes to slow that the gel has to be re- activated by the 
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To render the process continuous two ad&oibeis are piovided to operate altei- 
nately with a condenser and evaporator, one adsorber operating while the other 
IS being re-activated. 

Although absorption and adsorption machines aie extremely simple, and will 
work for long periods without attention, they aie only about one-thud as efficient 
as vapour compression machines, so that they are best suited for small work 
unless a large supply of waste heat is available, in which case much larger 
refrigerators may be economically employed. 

Vapour compression refrigerating machines. 

In a vapour compression machine the heat removed from the cold body, by 
evaporation of the refrigerant, is given a thermal potential, so that it can gravitate 
to a natural sink, by compressing the vapour produced. 

At the present time vapour compression machines are used more extensively 
than any other; and in a thermodynamic sense they give the highest efficiency. 

To Jacob Perkins is due the credit of having invented a vapour compression 
machine in 1834, but it was not until 1 876, when Prof. Linde of Munich introduced 
his ammonia compressor, that further progress was made. 

The cycle of operation in vapour compression machines. 

In principle an ammonia compressor resembles very closely an air compressor 
and produces cold in the following way: On the outstroke of the piston (Fig. 142) 
a partial vacuum is formed which vaporises the NHg in the evaporator with a 



vmtmtie aaraugement of a vapotir oompressjon refrigerator. 
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corresponding abstraction of heat from the body to be cooled. To reject this heat | 
the gas is compressed until the temperature is sufficiently high for the heat to 
gi avitate to a natural sink. The transference of heat from the vapour to the sinh i 
occurs in the condenser, where the vapour is condensed prior to its letuin to the 
evaporator via a throttle valve J , when the cycle is repeated. 

In actual refrigerating plants ancillary equipment is provided in the form of 

(1) A dirt catcher 8 to protect the compressor from tube scalings, etc. 

(3) A lubricating oil separator B to protect the condenser from deposits of oil 



(S) A liquid receiver 0 to contain the reserve NHg, and to act as a gas seal 
between the condenser and evaporator, since any leakage of gas past the throttle 
would convey sensible heat from the high-pressuye side of the cncuit to the low- 
pressure side without making any contribution to cooling. 

(4) Relief and by-pass valves are fitted on the cylinder (soe Rig. 143), the rehef 
valve to limit the maximum pressure developed in the cylinder, particularly when 
liquid is present, the by-pass to facilitate starting by short circuiting the gas from 
the discharge to the suction side of the compressor. 

When the machine has attained normal running speed the hy-pass valve is 
closed. 


(6) Careful attention must be given to the piston rod packing to prevent gas 
^leakage to the atmosphere. This is eiffeoted by placing a distance piece— known as 
a ”kniew ring’’ because of its resemblance to the frp ‘ *»rk of an old time 
J^terur-'between the two sets of packing (see Rig. 144' 
ring to the suctiem side of the compressor.* 



♦ The ^c^hlower. 


then taken 
5£eir weight 
j?e activated 






i 



Fig. 146. VfiUtfeal smgle-actiing ammonia compressor, 
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Alternatively oil, at a pre&suie higher than the maximum jiressuie in the 
compressor j may be supplied to the lantern ling. Any leakage to the atmosphere 
vill|,then be oil and not gas. 

Design has alteied very little since the time of Linde, except that incieased 
speed has necessitated improved lubrication, impioved valves and water coohng 
of the cyhnder (see Fig. 143). 

With a view to producing economy in space, and better balance and torque, 
the modern tendency is to build multi-cylinder machines (see Fig. 145), but the 
essential principles remain unchanged. 

In its evolution the compression system has been more concerned with finding 
a suitable working fluid rather than with improving the mechanical design. 


The choice of a refrigerant. 

Theoretically any substance which has a boiling point at the lowest tem- 
perature required, without involving abnormalities in pressures or volumes which 
might involve constructional difficulties, could be used as a refrigerant. In practice 
other considerations arise. 

The fluid should not attack metals commonly used in engineering. It should 
be non-poisonous, and readily obtainable. It should mix with oil and remain 
chemically stable. With a view to mechanical simplification of the refrigerator, 
without undue reduction in efficiency, the latent heat should be high compared 
with the sensible heat (see p. 294), and the critical temperature should not be 
within the working range. 

Ammonia is regarded as the most generally useful refrigerant because 

(a) The working pressures are moderate (in the region of 180 lb. per sq. m ). 

(b) The critical pressure is outside the working range, 

(c) The sensible heat is small compared with the latent heat. 

Unfortunately the gas is asphyxiating and attacks many non-ferrous metals, 
the crystal boundaries being broken down with the result that these metals 
disintegrate. 


Carbon dioxide is also used. It is almost non-poisonous, and the heat which 
it will extract per cubic foot is the highest known of any refrigerant. These 
advantages make it especially suitable for marine work, but unfortunately the 
necessary working pressure is in excess of 1000 lb. per sq, in. and the critical 
temperature is only 86® F. 


Sulphur dioxide (SOg) , Ethyl cModde and Methyl chloride are in common 
farqur fe dmnestic refrigerators, because the quantity in circulation is fairly 
tud therefore great precision in making the mactoea and ipaintaining themi 
^ leakage is not necessary, The pressures are moderate, 
fljSd tkd VSl mik with oil an the compressor, but the daffierence in density 
BOjgj is sc great that ^ rqay ^parate before the 80a vapom? 
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enters the condenser. The strong aihnity which SOg has foi water, and the 
corrosive acid which is produced as a result, means that special precautions must 
be taken to prevent the ingress of water into the plant. 

The unit of refrigeration. 

The performance of a refrigerator depends largely upon the temperature lange 
and conditions of working of the plant, so that it is difficult to devise a standard 
unit of capacity. 

On the Continent one kilogram calorie per hour is employed, ’* and is known as a 
Frigorie, the brine being cooled from - 2° to - 5° C. with cooling water entering 
at 10® C. and leaving at 15® C. 

In England the rated capacity of a machine is defined as the number of calories 
per second it will extract from brine at 0® to ~ 5° C., and cooling water at 15® C. 
inlet and 20° C. outlet. 1 calorie per sec. is 342,860 b.t.it. per day of 24 hr. 

In America the ton of refrigeration is employed thus: With the latent heat of 
ice at 142 b.t.tj. per lb. and the water at 32® E. the heat to be extracted per ton of 
ice formed is 280,000 b.t.u., the standard commercial ton being at the rate of 
200 B.T.u. per min. 


I 

! 

i 


The ideal refrigerator. 


On p. 68 It was shown that when a heat engine operates on the Carnot cycle 
the greatest amount of work was done for a given expenditure of heat, and that, 
in the absence of losses, the forward engine would drive the reversed engine as 
a refrigerator. For a refrigerator operating on the Carnot cycle the heat extracted 
at temperature Tg would be MTilog^r per ib. of refrigerant, and the heat rejected 
to theforward engine would be logg r per ib. of fluid, where is the temperature 
at which the heat is discharged. Hence the work done in effecting the extraction 


= jB(i?i~!7a)logpr per lb. of fluid. 

Now since the object of a refrigerator is to produce cold, it is reasonable t( 

Heat extracted 

measure the success of our efforts by taking the ratio 

measure of efficiency. This ratio is usually greater than unity, so the nam 
efficiency hardly seems appropriate; it is therefore named The coeffltcien 
of performance (o.o,?.). 

For a refrigerator operating on the Carnot cycle then, the coefficient of pe 


formance is given by 




21 




( 1 ) 


For the given temperatures this ratio represents the highest efficiency attai 
able by any machine, because if ^ cycle could be devised which would give 

* One calorie is one kilogram of water raised through i.e. 2*2046 lb. throu 
0, at? 2*29^ O.H.U. 


19 
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higher value, it would mean a greater heat extraction for a given expenditure of 
mechanical work. 

Now with the forward engine driving the reversed, as described on p. 68, to 
extract more heat than is returned would involve a natural flow of heat from the 
cold body to the hot body, and this is contrary to the second law of thermo- 
dynamics. 


Ex. On the Carnot refrigerator. 

By means of a reversed perfect heat engine ice at 32° F. is to be made from water at 
67° F.; the temperature of the brine is 12° F. How many pounds of ice can be made per 
I.H.P. hour supplied to the engine? 

Latent heat of ice — 14:2 b .t.tj . per lb. 

Heat to be extracted per lb. of water = (67 -^32-1“ 142) = 177 b.t.ij. 


Heat equivalent of one i.h:.p. hour 


33,000 

778 


x60 


P 2545 B.T.u. 




The coefficient of performance of the reversed Carnot 

Tg 460+12 472 

“Ti-Tg"” 67-^12 55'* 

Let w be the pounds of water frozen, then 

472 177 

55 2545 * 

. /. w = 123-3 Ih. of ice. 


Ex, Capacity and horse-power of a perfect refrigerator. 

The rated capacity of a perfect refrigerator is 100 units when operating between 
-6'’ and +20° C, Taking the latent heat of ice as 79 c.H.xr., calculate the weight of ice 
i produced m.'24 hr. fcpm water at 11° C., and also the minimumK.P. required. 

Bate of heat extraction = 100 x 2-2046 « 220-46 o.H.n. per sec. (See p. 289.) 

Heat to he e^ctrafeted per Ih. of water = (79 + 1 1 ) = 90. 






T. 


\ 26^; ; 


s= 94-4 tons. 
*=* 10-72. ^ 


‘‘25 •'/ ' ‘ 

. / r : ' ‘ ' V ' ' " ' , *y 'V^ork done pk- sec. »» o.H.tr. 
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Per lb. of air the heat extracted is given by Gp{T^-T,), and the heat rejected 
to the cooler is Gj^{T^-Tf). 

Since compression and expansion,* in the ideal machine, are considered 
adiabatic, the work done per Ibr of air is given by 





Rejection of Heat 
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Hence tlie coefficient of performance (c.o.p.) is given by 


But 


c.o.p. = 


1 




C.O.P. 

~n- 



T.- 

rp 

■ j.g 

n-1 


II 

(g)' 

and 

« 

Tt_ 

n 

« 

• % 



-(g) 


n~ 1 
n 


By (1), 


C.O.P. - 


Tab-TJTJ 


% 


Hence (2) becomes c.o.P. - ® * 


( 1 ) 

( 2 ) 


( 3 ) 


Had the Carnot cycle been employed, the upper temperature Mmit would not 
have, exceeded Tf; and since, on this cycle, the heat is extracted at constant 
temperature, it need not have fallen below T^, whence the corresponding Carnot 
T 

coefficient becomes ? which is greater than the coefficient given by (3). 


Ex. On the Bell*Goleman refrigemor. 



The pressure limits in a Bell-Coleman reingcrator are 60 and 15 lb. per sq. in. absolute, 

, and the circulating water reduces the air. after compression to 17“ C. What is the lowest 
temperature produced, by an ideal machine ? 

Compare the o.oj. of itus.machin© with that of a Campt working between the same 
pressure limits if, at the comanencemeht of, coinpresUon, the temperature is «• 13“ Q, 
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Lord Kelvin’s warming engine*. 

r 1 R>(2 Lord Kelvin drew attention to the immense wto which results from 

le^rate “tial, of which Nature provides an abundmroe, 

In addition to the heat pumj^ wofrlZe added directly 

inelwouldalsobeav^nc^^^ 

rmt"«oomhustionengines)could he deflects 

warm air discharged from the cycle the heat taken in at 

If the heat pump operates “ done per Ih. of air in 
atmospheric temperature 2a is JJ2a ge > 
elevating this heat to the room temperature 21 is 

jG(2'i-2'a)loger (seep. 67). 

. of air 

« i2!raloge»'+.R(^i-^2)^®ge»‘ = 



Heat discharged _ — =: 

— == — ; — 7-^—: B/m _T'Mncr.»* 




eai; _ — A — iiK.- y= 7?, • 

Work done jS(2\“^2)^^Se^ i 2 

„ ^ -it SS.S£« 

h.*g -i” ’• 

m 


Ti 

{o.T,)M2|ri:5f- 

• i. u on® r whpn the atmosphere is at freezing 
- If the room temperattire is to be ' oa 0 / and Wa 80 %, in which case 

point, then2\ = 293anda’i-2’, = 20;%maybe30 /oandi,,« /o, 

'■ the heat disdiaiged per Ih. of fuel 

, *.(c.v.)0-3x0-8^ = 3-62(c.v.). 

' < ^ I J , * ' 

'He8tdi8ohai^edfromtheexba^aadwo^wa^-^ft_Ji^(^^^^^^ 

■i-Total h^ diy i* availahto had direct 

t.' A’wi+j. 4. tev.i.hf the.fu8twhioh,wo^4^^^ - , 


;.■ i Total heat ayaifohle the odvheat avaflahte had direct 
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and refrigerator problems usually involve temperatures below 0 ® C., this often 
leads to confusion with the positive and negative quantities introduced. Begin- 
neis are often puzzled when they discover the total heat and total entropy of a 
vapour less than the corresponduig values for the latent heat‘d 
These difficulties disappear when the summations are treated as algebraic, thus 

H ^ 1 , = + (j>l,y 


where 4>i is the entropy of the liquid relative to 0 ° C. and = LjT. 

When h and (j>i are negative, H and are less than L and 56 ^ (see Tig. 1 49, No 1 ) 

To simplify the consideration of the process of refrigeration on the T0 diagram 
each operation is shown on a separate chart (Fig. 149), and the heat flow is repre* 
sented to scale by the shaded areas. 

In No. 2 we imagine that the refrigerator is at rest with the piston at the 
commencement of the suction stroke, and the evaporator coils are flooded with 
liquid at temperature T^. On the outstroke of the piston, heat to the extent of 
the hatched area is extracted if the subsequent compression is to be completely 
Dry ; i alternatively, if evaporation is incomplete, Wet compression will proceed 
from 

No. 3 represents the total work done on suction, adiabatic compression 
and discharge, this being equal to the work done on the Rankine cycle. On wet 
compression the work done and heat extracted are proportionately less (see line 
6 V, No. 3). 

During the constant-pressure stage heat is rejected, in the condenser, to the 
extent shown by the horizontally shaded area (No. 4). 

Finally, the liquid at temperature is throttled at constant total heat to T^, 
the black areas (No. 6 ) being equal, because the diagonaled portion is common 
to both the total heat at Tg and the liquid heat at 

In a way the throttling process has an unfortunate result, because it reduces 
the heat extracted from the amount shown in No. 2 to that shown in No. 6 , 
and obviously the greater the temperature difference (Sri-jTg) the greater this 
reduction. 


The coefficient of performance (o.o.p.) 


Heat extracted 
Work done 


• GOP _ refrigerating effect (Fig. 149, No. 6 ) 
' Work done (Fig. 149, No, 3) 

For the completely dry cycle shown in Fig, 140 


i 


o.o.:p. sfc 


(Dg- measured relative to a 
measured relative to a* 


Some t^les of re&igerauts measure the heat content relative to -40*’ F. since this 
■tjjp' temperature a$ 40*^ 0., and motive quantities are avoided, 

..V 1 j[g akhost univeroafly employed, because with 

of dWiAg the oyllatkr, and evapomto on the saeiaon 
to lees than with dry oompressic^ 


: , .■ '..1 












296 Eefrigeration 

Ex. Ideal and real coefficients of performance. Production of ice. 

(Whitworth 1925.) 

Determine the theoretical coefficient of performance for a CO^ refrigerator working 
with wot compression between pressure limits of 826 and 386 lb. per sq. in. 


Pressure 

f C. 

Total heats 

. , ! 

Latent 

Entropy 

Liquid 

j Vapour 

heat 

1 

Liquid 

1 - ' 

Vapour 




Work Done 
C. 


If the actual machine had a relative efficiency of 40 %, find the h.p. required to make 
a ton of ice per hour. Assume that 105 must be taken from each pound of water 
to change it to ice. 

Prom Fig. 150, 

relative to 0° C. — 0*171 
relative to 0“ C. = — 0*01 9 

~ 0-190 = relative to a. 
total heat at' 6 relative to 0° G. =* 51 -3 

Sensible heat at a relative to 0^ C. 4-31 

which is the total heat at o relative to a. 

Total heat at b relative to a «= 0-19 x 263 » 50*0 
. Work done on the compression cycle » 5-61 

Total heat extracted relative to a = 60-0 '* 

' Sensible heat at d - 4- 14*37 

’ Sensible heat at a 4*31 

Sensible heat at d relative to a (i,e, , * Q 

; . , heat returned via throttle) = 13-68 ' 

Netremger^tJhgeffeot s* -31-32 


b 


k. 160. 


’ 31*^2 

,q,o,P. « « 6*676. 

! 0-Dl 


, _ ' -AeWal o', o, « 6*676 x04 2*228. ^ ' 

‘ y / ’Heat to, be e^raeted perhour tt:'10q,x2240'aK.,'cr, ^ 

^ > j 1 I S ' 1 * ^ ^ ^ 4 ’ 

X 2240 X 1400, 









1 •/ 1 ‘’'fJ ^ " 
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(1) The use of an expansion cylinder so as to make the cycle reversible. 

(2) Precooling, by passing the high-pressure liquid through an auxiliary cooler 
which is supplied with water of lower temperature than the main cooling water. 

(3) Multiple expansion, wherein two throttle valves are placed in series. 

(4) Multiple expansion combined with compound compression. 

Vapour compressor with expansion cylinder (Carnot cycle) . 

If, instead of throttling the liquid, mechanical work were done by allowniig 
the liquid to expand adiabatically behind a piston, the return of the heat, repre- 
sented by the triangular black area, would be entirely avoided. 

The objections to this method are the extra expense and complications involved 
—economy in heat being only one form of economy. As the liquid is almost 
moompressible, a change in the quantity in circulation will involve a change 
in the swept volume of the expansion cylinder, if throttling is to he entirely 
avoided. 


Ex. Vapour -compression refrigerator with expansion cylinder compared with 
actual refrigerator . (B.Sc. 1 931 . } 

Define the coefficient of performance of a refrigerating plant working between upper 
and lower temperature limits and T^. 

The theoretical coefficient of performance of a vapour-compression plant working 
between 20° and -5° 0., in which the working agent is just dry and saturated after 
compression and there is no undercooling, is 10*2 when NHg is the working agent and 
7*6 when CO 2 is used. Find the ideal coefficient of performance for this range and clearly 
explain why the given coefficients differ from the ideal and from one another. 

Heat extracted 
~ Work done 


' In an ideal refrigerator the operations are reversible and consist of two isothermals 
and two adiabatics. (The Carnot cycle, seep, 289.) 

20~(-5) 


/, C.O.P. for an ideal machine 


V' , ’ ,It should be observed that when workmg on the ideal cycle the 0 . 0 .?: is independent 
of the refrigerant used. The 0,0 .p.s quoted differ from'the ideal because the machines are 



’’ , , 'Critical point, returns' a prdportionfrlly greater amount of heat via the throttle to. that , 

r:4. fuQi to’ 'isMUihig,. eithe^lb^^ 

'ta?,' % einplo^g, some thp' colip^o-: 





1 ' j ' ' 

n ^ ^ 
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duced. Both methods involve financial outlay, the cold water often having to 
he pumped from a deep bore well, and, being inadequate in quantity to effect 
the wholebf the condensation, is employed merely for dropping the temperatni’e 
of the liquid m a separate condenser prior to throttling. 

Ex. Undercooling on reversed Rankine. (Senior Whitworth.) 

A steam engine is reversed in its action to become a heat pump. Steam at a dryness 
fraction 0*8 and pressure 1 lb. per sq. in. is compressed to a pressure of 120 lb. per sq. in. 
It is then liquefied in a condenser to 100® 0., after which it passes through a throttle 
valve into coils around which hot air is circulating. The pressure in the coils is kept at 
1 lb. per sq. in. Estimate the heat which passes from the air to the water steam m the 
coils if the cycle is ideal (Rankine) in its action. 

What would be its theoretical ooeffieient of performance as a refrigerator ? 
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Precooled cycle for GOg using cold circulating water. 

With CO 2 in the region of the critical pressure we are dealing with a highly 
compressible liquid, and therefore the constant-pressure cooling curve cdef 
(Fig. 152) departs from the liquid line into the liquid field. 

The heat rejected during the constant-pressure cooling is the area below the line 
cie/ bounded by the vertical ordinates through c and / and the abscissa ^6. 

The sensible heat returned via the throttle is hf, and if this is measured relative 
to a, difficulties with sign can be avoided. 



\ 


The net refrigerating effect is the total heat at 6, measured relative to a, minus 
hf measured relative to a, and is represented by the diagonaled area. The total 
' heat at b relative to is but a portion of the , latent heat, i.e. bence the 
' net heat eictracted « 

; Precooling at constant pressure is produced by external chid, not by multiple 
. expansion, so that the work done by the compressor is the total heat at c relative 
; to.Clie« less Tip'd^ference may be expre^^^^ 

'r f ^ ^^-(Heirejftigeratffig effect 

is t^;^thh^d hoi the area because pf t 

teihe of booT4ng:wati. ■ Mg^‘''that the .ppBsme .during 

'|dndft^S»;^^is above th^. critical 'pte^ure, tl|e clotted cbnstaht-pf essure 

i'ly"; ^ ' , - ' r , ' ' ‘ . ' 1 I ' ' ’ ‘ ’ ' < ' 

'jjjd’w (f *f *'*''> j - I * ' i I ' " ' 
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of is followed; 'the heat rejected to the cooling water being represented by the 
area beneath c'f\ the net refrigerating effect by the area beneath h'b, and the 
work done by {H'^ -Hij). 

Undercooling: G.O.P,, H.P. and refrigerating effect. 

The compressor of a CO 2 refrigerator is double acting, displaces 30 cu. in. per 
stroke and runs at 200 r.p.m. The temperature of the vapour in the evaporator 
is and in the condenser + 80° P. If the liquid in the condenser is under- 

cooled to -f 60°F. before passing through the expansion valve, the dryness 
fraction of the vapour at the beginning of compression is 0-9 and the compression 
is adiabatic; find 

(a) The theoretical o*o.p. 

(b) TheH.p, of the compressor, assuming a volumetric efficiency of 86 %. 

(c) The refrigerating effect in b.t.tt. per min,, assuming that it is 20 % less than 
the theoretical. 


Specific volume 


Vapour 



Entropy 

Liquid 

Vapour 


lb. per 
sq. m. 
absolute 


0-0163 

0*0197 

0-0235 


Specific heat of vapour at 80 F. 



^^vapour at 6° F. relative to 32°'F. = ^0-2207 , 

> ^nqutd , at 6° F. relative to 32°'F, === - 0*0276 

. _ . w , 0-2482 

/, relative to =5 0*9 X 0-2482 , =9-2234 

at' di SO'^F, relative to F. ' 0-16510 

at, £t, 5° relative to'32'’F., «'>r'0‘0276 ' > > 


In 

I ' ’ 1 

, 1 ; 







^ I - * -f '’HIaII' " [ . H -i* 




*+60*f. , \ 

{ 32* Rteezma Point 
\g tg^F. . j 



‘■'“T&iV; 

■ ‘f" 
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Heat due to superheat = 0-6 x 41 
H at d relative to 32° F. 

at a relative to 32° F. 

Ho relative to a 

Hj, relative to a = 0-9 x 115*3 

Work done 

Or H^ relative to a - 0*2234 x 465 
’^hf relative to 32° F. = 16*9 

ha relative to 32° F. === ~ 
hf relative to a 
Net refrigerating effect 

73-74^ , « 

••• = 


24*6 / 
81*08 
■ 13*16 
118*84 
103*8 
16*04 
103*8 - 


30*06 

73*74 B.T.n. 


0.85x2x30x200 ^ 

Effective swept volume per minute - jgs 

4. 4.KO-n ^n^T\i},4-xv '=0*1x0*0163 = 0*00163 

Totalvolumeofre&igeraiitat5l'.-( )i . o-9 x 0-2673 = 0^2^ 

= 0*24213 

Total volume 

. 1 X- = 24*4 lb. per mm. 

Mass circulation = q.24213 

24*4x15*04x778 _ g 
H.P. of compressor = 33,000 

Eefrigeratmg effect in B.T.tr. per minnte = 0-8 x 73-74 x 24^ = 1440 B.T.ti. 


= 24*4 lb. per min. 


= 8 * 66 . 


T 0 « !».. d«n <“ '*r2’* ^ ft i. ™l. 

' tstaiq. r.SftT"«t;s 

* 

'' ' ' ' ' '' " 
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Ex. Operation of refrigerator. and charts. (B Sc.-k done 

Tipsmbe the cycle of operations in a vapour-compression refrigemting plan. 

1 , +nh the ovole on a temperature-entropy and a total heat-entropy diagram. 
^Mtele^retioal coefficient of performance of snc^ 

the pressures of 850 and 350 Ih. per sq. in. if the working flmd is just dry at the eno 
compression and has the properties given helow: 


Pressure 
lb. per 
sq. in. 


850 

350 


Tempera- 
ture °C. 
absolute 

Total heat 

Entropy 

Liquid 

Vapour 

Liquid 

Vapour 

295 

261 

14*8 
- 4*4 

49*7 

56*0 

oo 

o o 
o o 

1 

0167 

0'214 


See I’ig« 


49-7 


relative to 0° C. = 0*167 
relative to 0“ C. == — 0*01B 

Total heat at c relative to 0° 0. - 

Sensible heat at a relative to 0° C. « 

(E,-K) “ 

relative to a = 0*185x261 ®= 

Work done on compression = 5*8 

Total heat e 35 :tracted relative to a ~ 48-3 

Sensible heat at = 14:*8 

Sensible heat at a — “ 4*4 

Sensible heat at A relative to a « 19^ 
Net refrigerating effect “ 29*1 

29*1 

Theoretical o.o.r. = 


5-02. 


,Frqm,.the toted heat ohart the work'done, and the heat extracted, may be scaled off 
dhpctly, giving ... ' - . ■ . 

pi 'j eu'ii"i»««il^a4oB jteSMWh ‘Conmfftte^'s Cterts”. f’mc. 
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lass circulation. Fluid states. Heal rejected. Bore and stroke. 

(BSc. 1932 ) 

CO 2 refiigerator piuduces 5 tons of ice at 0° C. from water at 12° C per day of 
ir It operates between the pressure limits 
850 and 380 lb. per sq. m. on the cycle 

lown of the total entropy skew diagram. 

If the compression were isentropic it would 
terminate at the dry condition B (Fig. 156). 

The compressor takes lOn.r., of which 17-6 % 
is expended in external losses, the remainder 
IS spent internally upon the fluid m com- 
pression. Fmd 

(а) the circulation of the fluid; 

(б) the fluid states at beginning and end 

of compression. A, G; 

(c) the heat per second to be taken out in 
the cooler. 

Take the specific heat of COg in the super- 
heat field at 0*5 and the latent heat of ice at 
80 O.H.U. per lb. 



5 x 2240 

Ice produced per minute =5 
Heat extraction per mmute = 7’78(80+ 12) 

Net work done upon the refrigerant * 10(1 - 0*175) x 

14UI/ 

716 


33,000 


rr 7*78 lb. 
=:716 ohu. 
194'3 O.H IT. 


Actual c.o.P. based on i.ir p. = 


3 * 69 . 


= 0*167 
- 0*0225 
0*1895 


194*3 

= 0*211 
^ - 0*0225 

<t^A ~ 0*2336 = <j>i 


Dryness fraction at A (the beginning of compression) 


0*1895 


« 0*8116, 



0*2335 

Total heat at A’ relatiTe to 0° 0, » 66*1 » — 6*2 + L. 

L at 380 lb, per sq. in. 61*3 

Total heat at A relative to 0° G. « 0*8116 x 614+ ( -6*2) = 44*66 
Total hbat at e relative to 0® 0. = 9*0 

Net heat eacfacActed per lb. of COg « 

Cte^tion <?f fiu^ w w 20*17 lb. per min. 


^*(0 ^ 1 


36*66 
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Neglecting ladiation, the heat added to each pound of CO 2 as the lesult of work done 


in compression is 


2 ^ = 9*64 0 H.u. 

Total heat at -4 = 44-55 

Total heat at G =54*19 

Total heat at B = 49-7 


= 54*19 


% 


Total heat at B = 49*7 
Heat m supeiheat = 4*49 

4*49 

Degree of superheat = = 8*98*^ G., 

U 5 

state of the fluid at the end of compression. 

Total heat at 0 = 54*19 

Total heat at d = 9*0 

Heat rejected to cooler per lb. of COg = 46*19 

20*17 

Jeat rejected per second = 46*19 x — ^ = 15*2 o.h.u. 
itroke of a single-acting refrigerator. 

vious problem, the stroke is twice the bore, the speed is 80 r.p.m., and 
^ efficiency of the compressor is 80 %, determme the bore and stroke, 
jific volume of dry saturated COg at 380 lb. per sq. m. is 0*233 cu. ft. per lb. 
(he hquid 0*0167 cu. ft. per lb, 

volume of 1 lb. of wet CO 2 at the end of the suction stroke 
==0*8116 x 0*233*f (1-0*8116)0*0167 = 0*19225 cu. ft. 

Swept volume per stroke = — o. 30 ~ x ~ g o — ^ ^ 


0 the piston diameter, then 


X 2d = 104*7, 


^ce d = 4*06 in., stroke « 8*12 in. 


inltiple expansion. 

I Another way of producing precooling is to perform the throttling operation 
in two stages (Fig. 157), two throttle valves with an intermediate liquid receiver 
being provided to produce cooling by primary evaporation of the refr^erant. 
The first valve produces a moderate drop in pressure which results in partial 
evaporation of the liquid, since the sensible heat at the lower pressure is less than 
that at the higher. The vapour produced passes direct to the compressor for 
leoompression, whilst the remaining preoooied liquid passes a float-controlled 
throttle valve (Brier^s automatic regulator) before entering the evaporator. 
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By adopting multiple expansion the compressor has to deal with gas at two 
suction pressures, for which purpose multiple effect compressors have been 
evolved by Voorhees, 

In their* simplest form they are fitted with a cylinder resembling m principle 
tjiat of the uniflow engine (see p. 239). On the suction stroke low-pressure gas 
from the evaporator is induced, but at the end of this stroke the piston uncovers 
ports which are in communication with the intermediate liquid receiver. The 
irreversible flow of intermediate pressure gas from the receiver produces a super- 
/ charging effect in the cylinder, as well as precooling the liquid returned to the 
'' evaporator. 



Fig, 157. Arrangement of multiple effect refrigerating plant. 

Preoooling of course is of the greatest importance when COg is used for re- 
frigeration in tropical countries, since the machine then operates in the region of 
the critical pressure, and therefore the heat removed by evaporation is small 
(on account of the small value of L), whilst the sensible heat returned via a single 
throttle is great, It is claimed that, under tropical conditions, precooling improves 
the refrigerating effect by 126 %, and reduces the work done by 46 %. 


, Compound, compression. 

If a temperature considerably below 0° C. is required to produce rapid freezing, 
separation pf gase^, or solidifioation of COg; or the circulating water is at a high 
/ temperature, as ’occurs in tropical seas, the resulting compression ratio becomes 
'' ' too high- to be conveniently and economically handled in one cylinder. Stage or ^ 
comi»oufid; compressions therefore reported to. 

; .In., light high-speed compressors, where the valve guards cause the clearance 

' i f 'r*' 


My 


,h^ it iguana! to .employ stage compressjtqn imfiie'diately the • < 

'the Vork ' ! 






) i* ' 

I’^'olumefae^c ©ffloiency”, Proik 
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interstage cooler, and because of this, the overall efficiency of the cycle may be 
reduced. 

When, as is customary, stage compression is used in conjunction with multiple 
expansion (or stage throttling), a further advantage is secured by connecting the 
second separator (Fig. 157) with the h.p. suction. This conserves the useful 
pressure energy which is normally lost in multiple effect compressors. 

The low temperature vapour from the separator will also reduce the superheat 
in the gas discharged from the l.p. cylinder, so that the interstage cooler will not 
require so much brine to remove the superheat from the gas at interstage pressure. 
Hence the efficiency of the cycle will be further improved. 



Fig* 168 . Compotind cconpression single and multiple expansion. 


Because the mass in circulation is’ not constant, the multiple expansion cycle 
cajihot be demonstrated correctly on a 2^^ ,or H(j> chart, although these diagrams 
will give the state of the refrigerant at any point in the cycle, but not the heat 
quantities involved in each portion of the cycle. 


i^By'ufiking u^ebf an ffiagram for COg, compare the work done and the refrigerating 

two ooiipoan4c'o^n|t?ossio%’ the Intermediate procure being 

pfeiq.'in. " '' ^ 


' "i’'v /' ' , 11 ’ 


ao*« 
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From the diagram, the o.o.p. for a single-stage machine with single throttle 


33-0 

16-3 


2*025. 


With multiple expansion and compression, the weight of liquid in the second separ- 
ator (Fig. 159), per Ih. of gas compressed by the h.p. cylinder, is (1 = 0*734 lb, 

This liquid passes through the second throttle to the evaporator, where its dryness 
is increased from to x^. The vapour at dryness 074 is then compressed by the l.p. 
cylinder. 






between; ‘va|wur^;ih the interepol^r,' ,w|tli, a re'duotio^r' in tempdratee of the 
Howeveri' iJie.Wperhe'at cannot bo ' dntMy lemoyed by^this > 
satm^fited 
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If the dryness at the end of the l.p suction «troke is the net refrigerating effect, 
neglecting the loss by intercooling, is (1 -af^) {l-x^ x^L^. 

From the diagram the heat removed in the evaporator - 0-734 x 47-2 = 34-7 
Heat required by the interstage cooler - 0-734 x 3- 1 - 2-27 

The net refrigerating effect, per lb. of fluid compressed by h.p. = 32-43 


Work done by h.p. cylinder per lb. of fluid 
Work done by l.p. cylinder = 0*734 x 10-2 
Total work done 

32-43 


== 5-0 
^ 7-49 
« 12-49 




Because of the rapid divergence of the superheat lines, for high degrees of superheat, 
I the improvement which attends multiple compression becomes even more marked m 
I the region of the critical pressure. 

To determine the dryness fraction on evaporation that will theoretically 
give the highest coefficient of performance. 

For any initial dryness 6, prior to com- 
pression, the refrigerating effect (Fig. 160) is 1 1 

A6sin^, and the work done is 6c cos ^ 

The coefficient of performance is therefore I 

^6sin^ cl 7 - 

' 6ccos(9’ 

/ 6 

j ’ and this will be a maximum when Jib/bc is a f j 

' maximum, i.e. cot ^ is to be a maximum and / I 

therefore ^ must be a minimum. This value \ y ^ |- 

occurs when is tangential to the constant- j £ t 

pressure line ode/. 2 ^ 

I Since the lines ho and of are nearly parallel, ^ 

considerable changes in the dryness 6 will / \ 

, have little effect on the coefficient of perform- A 

!■ ,, ance, , , ' // 

[ ^ In practice, almost dry compression give^ Jf 

the best results, and so this is aimed at in ^ 

' modern machines, except when &st ** starting t ^ 

machine. , ' . ’ , - . ^ iflff ' 

At^moBiia,^1^Borfiion to ' ■ 


li in lig. I 61 ',;steam ahdOTg are 


„ i',*' ^ ‘ ' ' 

,f 'i.i < >¥ li' A"-* ? , .il- ( 7 ; L r- ' L*" ' . V » J >* . . ‘ ' ‘ ‘ I J I ■' 

Ifni ,Wj' V' > hi'' .'‘‘■j 
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to the boiler fiom the absorber. The released NHg is then condensed prior to 
being passed through throttle valve (1) (Fig. 161), which separates the condenser 
on the high-pressure side from the evaporator on the low-pressure side of the 
system 

Evaporation, undei the low pressure existing m the evapoiator, pioducesthe 
desired cooluig, and the gas produced passes on to the absorber where it is 
reabsorbed by the water from which it was driven off m the boiler. This watei 
being more dense than ammoniacal liquor settles to the bottom of the boiler, 
from which it is discharged to the absorber through a throttle valve (2). 


y Analyser 


Supply of Heat 


•Water Spray 

Rejection 
OF Heat 



Very 

Weak 


Ammonia — ^ Throttle ® 


REjecriON 
OF Heat 



Evaporator 


H.P.Sioe2 



Condenser Cir'S^J^Jtins ill 
Pump 


Throttle 0 


L.P.SioeS I 
Brine Circulation 


Fig. 161. 

A smaE pump returns the ammonia from the absorber to the boiler via a heat 
interohanger which preheats the strong solution returning to the boiler and cools 
the dilute solution prior to delivery into the absorber. In this way the preheater 
conserves heat and accelerates absorption, since the lower the temperature the 
more rapid the absorption. 


if* 

x/ ** 

> r 


Efficiency of an absorption refrigerator. 

As with other forms of refrigerators the efficiency is obviously the heat extracted 
divided by the heat supplied. 

Now the heat supplied is that required to separate 1 lb. of NHj from solution 
in water and change its state from liquid to vapour. This heat depends upon the 
concentration of the aqueous solution, and the temperature of evaporation, and 
is always in excess of the latent heat of at the prevaiJing temperature, by 
tlie heat of abiijoif faon A. In ad^tion heat must be supplied to operate the am- 



mi ), 
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If the dryness fraction of the evaporated ammonia is and the latent heat L^, 
and the sensible heat in the liquid passed through the throttle ( 1 ) is (measurer! 
relative to the lowest temperatuie jTg), then thenetiefrigei ating etfeot is —hi)> 

whence 

A > Ln Jl ^ 

COP = ° ^ 

Heat of vapoiisa tion at condition {l)= {L^+ A 

+ Woik done in pumping 

jr 

In the limiting case, when - T^, the cop has the maximum value 

l /^ -^2 

since, theoretically, there will be no pressure difference across the throttle, and 
therefore no power required for pumping, except the circulating water, and h^, 
measured relative to 2^, will be zeio. It will be seen from this expression that the 
a.o.P. of this type of absorption machine must be less than unity. 


Ideal efficiency of self-contained refrigerators. 


Whether refrigerators are of the absorption type or vapour compression 
machines driven directly by steam or internal combustion engines, tliree tem- 
peratures are involved. 

Heat is supplied at a high thermal potential to vaporise ammonia or drive 
the prime mover. 

There is the natural sink at temperature JTg to which both the refiigerator and 
prime mover reject heat. In steam plant the steam and ammonia oondenseis 
may be considered a single unit receiving cooling water at temperature 
Finally heat is extracted in the evaporator at temperature ^^ 3 . 

It has been shown on p. 68 that no forward heat engine can have a thermal 


T —T 

efficiency greater than and that for a temperature range to 

\ 1 


no 


T 

refngerator can have a c.o,P. greater than ^ (see p. 289). 

JLn JLq 


For the reversed engine 

For the forward engine 
Multiplying ( 1 ) by ( 2 ), 


Tq Heat extracted 
5^2 ” Work done 

Ti’-T^ Work done 
"* Heat supplied* 


- Heat extracted ^3 
Heat supplied " ( 2 * 2 •-!r 3 )\ 



Ho other method of applying heat to produce cold can give a higher ratio than 
this, since both forward and reversed engines realise the highest individual 
effi.ciencies possible. For an ideal absorption machine (3) may be regarded as 
the ideal o.o,f. 
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In Fig, 162, (1) shows, on co-ordinates, the ideal cycle for the forward 
engine, and (2) that of the reversed engine. For comparing the heat quantities 
mvolved m both engines it is convenient, though not stiictly correct, to plot 
diagrams (1) and (2) on a common base as in (3). 


Work Done 


Heat Rejected 


Work Done 



Forward Engine 


Reversed Engine 




Work Don 


Net Refrigeratin 
Effect 


wKm 


Combined Diagram 


Heat Rejected 


Fig. 162. 

• In the absence of friction the hS-tohed areas are equal, the dotted area represents 
the net refrig^ating effect, and the diagonaled areas the heat rejected, at tem- 
pera/ture JT®, to a natural sink. 
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EXAMPLES 

1. Bell-Coleman refrigerator, (B.Sc 1924.) 

In a Bell- Coleman refiis^eiating plant air is drawn mto the cylinder at atmospheiic 
pre<3suie of 15 lb persq in and temperature -6° C. It is compie&sod adiabatically to 
76 lb pei sq in , at which piessuie it is cooled to 15“ C It is then e 5 .panded m an 
expansion cylinder to atmospheric piessure, and discharged mto the refrigeiating 
chamber 

If the law of expansion is pv^ ^ = c, find the work done on the air pei pound and the 
coefficient of performance of the plant. Specific heat of an at constant piessme ~ 0*238 

Am 4580 ft.-lb.; 1-71. 

2. Bell-Goleman refrigerator. (B.So. 1935 ) 

In an open type of refiigerating installation, 2000 lb of atmospheric air are circulated 
per hour. The an is diawm from the cold chamber at tempeiature 7° C and at 15 lb per 
sq m pressure, and then compressed adiabatically to 75 lb per sq in. It is cooled at 
this pressure to 27® C. and then led to an expansion cyhnder, where it expands adia- 
batically down to atmospheric pressure and is then discharged to the cold chamber. 
Fmd m o.h.tt. per hour: ' 

(fl) the heat extracted from the cold chamber; 

(h) the beat rejected to the cooling water; 

and obtam the coefficient of performance. 

For air, Cj , « 0*238 and « 0*17. 

Am. (a) 43,200 a.H.n. per hr.; (6) 68,520 c h.tt per hr,, 1*708 

3. Open-cycle cold air refrigerator. 

A cold air lefugeiator works on the “open cycle”, the return air from the cold store, 
just prior to compression, bemg at 7° C. and 15 lb. per sq in It is compressed adia- 
batically to 75 lb. per sq m. absolute, and is then passed through an aitercooler which 
reduces its temperature, at constant pressure, to 17° C. The air is then expanded 
adiabatically to 16 lb. per sq. in. absolute and returned to the cold chamber. Fmd the 
0 0 p. of the ideal machme. 

If, m the actual plant, 73,000 cu. ft. of air per hour enter the cold chamber at — 70® C. 
and 16 lb. per sq. m,, and leave at — 6°C., and 186 h p is absorbed m drivmg the 
refrigerator, find the actual o.o p. and the heat rejected to the cooling water per minute. 
Cjf ~ 0*24. Am. 1*71 ; 0-495; 4980 o.H.tr. 

4. Ttfe dhart for COg and NH, unit of refrigeration. (Whitworth 1924 ) 

EyplA.m by means of a chart how the thennodynamic efficiency of a vapour 

refrigerator is measured. 

What is meant by the term “Unit refrigeration Discuss the relative advantages 
and disadvantages of ammonia and carbon dioxide as working fluids. 

5. Vapour compression plant. State of working fluid during cycle. {B.So. 1930.) 

Make a diagianunatio sketch of a vapour compression refi:igeratmg plant. 

A OOg refrigerating plant works between pressure hmits 800 and 400 lb, per sq, in, 
The OOg is just dry when leaving the compressor and condensation in the condenser is 
complete, but there is no undercooling. 


4 
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Indicate deaiiy in your sketch the state of the working agent and the total energy 
per lb. before and after passing through each of the organs of the plant, and find the 
ideal eoefiScient of perfoimance. 

Use the following data- 


Pressure 
lb. per 

F,q. in. 

Temper atuie 
T, 

absolute 

Total eneigy 

Eiitiopv 

Liquid 

Vapour 

Liquid 

0*040 

-0*013 

Vapour 

800 

400 

291*5 

264*8 

12 6 
-2-7 

512 

55 8 

0*173 

0*207 


Ans. Coefficient of performance, 7*4. 


6. Wet and dry compression COg. (B.So. 1922.) 

Distinguish between wet and dry compression in a vapour compression refrigerating 
plant. 

In a CO 2 refrigerator the pressure range is from 750 to 350 lb. per sq. in., and the 
I eduction of pressure is obtained by a throttle valve. The temperature of the fluid as 
it leaves the compiessor cylinder is 28° C. Find the theoretical coefficient of performance 
of the machine. 


Pressure 
lb, sq. in. 

Tem- 

perature 

°C. 

Total heats 

Liquid j Vapour 

Entropy 
of liquid 

750 

15*9 

11*15 

52*92 

0*036 

360 

-13*5 

-5*98 

57*29 

-0*023 


Specific heat at 760 lb. per sq. in. 0*485. 


Ans. 6*2. 


7. Bell-Coleman and vaponr compression. (Whitworth 1922.) 

Obtain an expression for the efficiency of the Bell-Ooleman cycle. 

Why is the practical performance of this cycle so inefficient compared with vapour 
compression? 

A COa vapour-compression refrigerator works between temperature limits of 16° 
and “-6°0. The corresponding values of latent and liquid heats are 42*9, 58*6, 10*4 
and — 1*8 respectively. Find the theoretical coefficient of performance. 

T 

Assume that boundary curves of T(j> diagram are straight. Ans. Vj 


8. What is the usual method for correcting for the heat returned via the throttle valve 
of a refrigerator and why in practice is this oorreotion too small? 


9. Production of ice. 


^ Sho^ , b^ means of a diagram, the necessary apparatus for refrigeration by a vapour- 
1 f . compresiidon ptpoess for a small plant. 



{B.Sc. m.) 


a COa machine working between 
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pressure limits of 930 and 440 lb. per sq. m. The COg during the suction stroke has a 
dryness fraction of 0-6. 


T 

Tcm- 

peratuie 

Piessuie 
lb. per 

Liquid 

Latent 

Fiitropy 


°C. 

aq. in. 

heat 

heat 

of liquid 

298 

25 

930 

19-4 

29-0 

0 06 

268 

-5 

440 

-1-8 

58 6 

-0 01 


How many tons of ice would a machine working between the above limits make if 
the relative coefficient of performance is 40 %, and the duration is 24 hours ? The water 
for ice is supplied at 10° C., and the compi’essor takes 15 Ib. of COg per min. Latent heat 
of ice = 80C.H.U. Ans. 3*26; 0-698 ton. 

10. Horse-power to produce ice. (Whitworth 1923.) 

A COg refrigerator works between pressure ranges of 826 and 334 lb. per sq. in. The 
drop is obtained by means of a regulating valve. Temperature of COg leaving com- 
pressor =5 30° C. Determine the theoretical coefficient of performance. 

Find the h.p. required by the compressor, if the relative performance is 0-4, for the 
machine to deliver a ton of ice in 2 hr. 

Assume 95 o.H.xr. have to be extracted to freeze each pound of water. 


Pressure 
lb. per 
sq. m. 


Total heats 

Entropy 

Liquid 

Vapour 

Liquid 

Vapour 

1038 

30 

27-3 

42-3 

0-087 

0-135 

826 

20 

14-4 

51-3 

0-045 

0-17 

334 

-15 

-6-7 

57-3 

0-028 

0-22 


Ans. 2-37 ; 43 h.p. 

1 1 . Test on COg refrigerator. (B.Sc. 1939. ) 

The following observations refer to a test of a small COg refrigerator: b.h.p. to drive 
compressor 4*25; friction and pumping losses in compressor 2-4 H.P.; brine circulation 
9-35 lb. per min.; rise in brine temperature in passing through cold chamber 13-6° C.; 
specific heat 0*80; cooling water circulation 14’4 lb. per min.; temperature rise 10-7° G. 

Make out a heat balance for the trial. Show, by reference to a sketch of the total 
heat-entropy chart, how you would determine the relative coefficient of performance, 
and indicate what additional observations would be necessary for this purpose. 

12. Refrigerator trial. Relative performance. 

In a trial of a refrigerator, the H.r. impressed on the COg by the compressor 
piston « 0*6, the circulating brine lost « 70 O.H.tr. per min., and the cooling water took 
away 140 o.h.tj. fi:oin the condenser coils per minute. What was the actual coefficient 
of performance? 

H the upper and lower temperatures of vaporisation of the GOg are 16*65° and 0° C., 
' the correspoiiding latent heats are 40*9 and 56*5 o.h.u., and the diffierenoe between the 
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liquid energy 8 ' 9 o.h.u. per lb. Find the relative coefficient of performance, assuming ! 
that the perfect vapour compression has the working fluid just di-y and saturated at | 
the end of compression. 4-95; 34’3%. j 

i 

13. Test on ammonia machine. (B.Sc. 1936.) 

A test on an ammonia compression refrigerator, having a single cylinder, single- 
acting compressor, 3J in. diameter, 4 in. stroke, and running at 210 r.p.m., gave the 
following results: 

Pressure limits 150 and 45 lb. per sq. in.; temperatures of ammonia entering and 
leaving condenser 55 and 20® C.; temperatures of cooling water entering and leaving 
condenser 13-6 and21-5® C.;rateofflowof cooling water 13*7 lb. per min.; mean effective 
pressure in compressor (from mdicator diagrams) 45 lb. per sq. in.; ice produced per 
hour, 55 lb. at 0® C, from water at 15° G. 

For ammonia' 


Pressure 

Saturated 

Total heat 

Spocifie heat 

ib. per 
sq. m. 

temperature 

“C. 

Liquid 
c.H.tr. per lb. 

Vapour 
o.H,u. per lb. 

Liquid 

Dry 

vapour 

160 

25-8 

28*8 

309-3 

1*1 - 

0-67 

45 

-8*1 

-8*6 

301*7 

— 

— 


The latent heat of ice is 80 o.H.tr. per lb. Find 
{a) the mass flow of ammonia per minute; 

(5) the coefficient of performance; 

(c) the condition of the ammonia entering the compressor, neglecting heat flow 
through pipe surfaces, Arts, (a) 0*358; (6) 4*02; (c) 0*825. 


(London B.Sc. 1921.) 

, 14. diart. Maas circulation of refrigerant. Cylinder dimensions. ^ 

. , ammonia refrigerating plant is to effect a refrigeration of 20 lb. calories per sec., 

I. - ' and the working limits are shown on the heat entropy chart. The net heat from the cold 

' , chamber is only 85 % of the possible amount sho^ on the chart, Fig. 163, and the 

I i . ' mechanical efficiency of the isompressor is fl6 %. Determine the horse-power required 

I’ s' i' ^ ’ td,^ive the compressor and the amount of flui,d cfroulation required for the stated 

peArmance. / ' ^ ■ ' 

If ihh speciflp-volhme of saturated ammonia vapour at 40 lb, per sq, in, is 7 on, fb. 
'i'h ' Vp®r lb,*, determine aauitable size of compressor at 80 r.p,m. single acting with a piston 


’ ' '' 'speed notoxceeding 150 ft/per minute. 



13? 16 ; Bore; 9-34 in, ;^^trokei 11| in*' , 
'(Loridon'B,^e. 19381)* 1-^ 

‘ « i'l'’ ..1 ' V ,%j u ■* 'j- ' -5 ^ 

total fihCrdfj^.ftntrdriv 15^31 ^ 


Lperdkopr dt'yO^C., -the initial' t^*^ 

'' mT'*' ‘I ' 
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the machine and its motor is 80 %. The latent heat of ice = 80 c.h.u. Find 

(а) the mass flow of NHg m lb. per hour; 

(б) the circulating water in gallons per hour, assuming a rise of temperature of 10“ C. 
in the water in the condenser; 

(c) the power in kilowatts taken by the motor. 

Ans. (a) 153-2 lb. per hr. ; (b) 487 gal. per hr. ; (c) 7-07 kW. 



Fig. 163. 



16, The indicator diagrams shown in Fig. 165 were obtained from a double-acting 
ammonia compressor 18 in. bore by 36 in. stroke; piston rod diameter 3 in.; speed 
50 r,p.m. Determine the lh.p, of the compressor, and the O.O.P,, if the rated capacity 
of the machine is 66. ' Ana. h,p., 106; O.O.P., 3-5, 
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18. Mass circulation and horse-powei: of a compound refrigerator. 

laFig. 166 is shown tbe cycle of a compound COg refrigerator If the actual work done 
is 25 % greater than the theoretical work and the heat abstracted 25 % less than the 
theoretical, determine the mass circulation through the condenser in lb. per min. and 
the horse-power required to produce 20 tons of ice per day of 24 hr. from water at 15° C. 
Latent heat of ice = 80 o.h.u. per lb. A ns. 154 lb. ; 81 h.p. 



M.V'4,h ' 


19. Coefficient of performance of absorption machine. 

In a test of an absorption refrigerator it was found that 16 tons of ice at 32° r. we 
made from water at 62°!’. per ton of coal having an average calorific value of 12,000 
B.T.tr. per Ih. Find the actual c.o.ip. if the latent heat of ice is 140 b.t.tt. per lb. 

Ans. 0-212. 

20- Oompression and absorption machines. (B.Se. 1933.) 

Describe, with the aid Of sketches showing the ideal diagrams, the cycles pf 
operation of 

^ (a) vapour compression machines; 

' , , (6) vapour absorption lefirigerators, 

Obtain an expression for the, ide^ coefficient of a vapour-absorption refrigerator m 
terms of 2 ^ 1 , theitemperatute at which the working substance receives heat, the 
temperatiirn of the cold body and the temperature of the circulating water., . . 

'■ 'Matisth^ ' 





imf and des<^be;';’^ 

Inseil, in' modem fhaohines to produce :th«( 

■'* ^ -'v!" 





CHAPTER SI 


THE FLOW OF FLUIDS 


The flow of fluids may be divided into three types : 


(1) Stream line flow. In this type of flow, which is not often met with in 
practice, the velocity of flow is so small, or the boundaries so close together, that 
the flow is ordered. Contiguous layers of fluid flow parallel to each otlier, and the 
ordered nature of the flow facilitates mathematical analysis. 

With pipe flow, friction losses are proportional to the velocity. Reynolds’ 
number,* which is VDj'f' ^ is the criterion for determining the type of flow, where 
V = velocity, D the diameter of the pipe, = Visoosity/Density in consistent 
units. When this number has a value exceeding 2000 the flow is usually turbulent. 

(2) Turbulent flow. This type of flow occurs at moderate velocities, and is 
named turbulent, because of the erratic behaviour of the thin streams into which 
the main body of the fluid may be imagined divided. 

Instead of ordered stream lines, the flow is chaotic, and the mathematical 
natm’e of the motion is not yet known. 

With this flow friction loss varies approximately as the square of the velocity. 

(3) High velocity flow. In this type of flow the velocity may approach, and 
even exceed, the velocity of sound in the medium, and its study is of principal 
interest to those engaged in designing turbines, ejectors, etc. 

It should be observed that when a body moves through a medium at a speed 
greater than that of sound in the medium, the motion of the medium over the 
body is streamlined; because no bow wave can be propagated to give turbulence. 


i. 


Bernoulli’s equation, 

- In 1738 D. Bernoulli, one of a family of eight distinguished philosophers, 
enunciated his theory that the total energy of a moving fluid remained constant. 
The total energy per lb . of fluid is made up of 

. (1 ) The pressure energy or pressure head (p/p) . This represents the work 

which vrould be done, in a non-expansive engine, by introducing one pound of 
- fluid, pf density p, at pressure p lb. per sq. ft, ' 
j V Bressurp'enetgy «p/pft.-lb. (see p, 47); . ' ^ 

' (|>''^heklnetiepnergy6r velo^ (7^/2g^)fb.-lb. Energy to the extent 

‘ , of i^i^d in .one pound fluid by -ymtue of its velocity F . 


tiiB. affect' of number in cOnneotaon' Vith noealea fuid blades see 

^ " 1 ‘ I , ? I’' ' 



V ^ if 'V 1 I 

riH4<f .. 'i 
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motion of the body were unrestricted during its fall, then, by the conservation 
of energy, the final velocity of the body would be F = ^|2gz. 

(4) Internal energy. This is the energy possessed by the molecules, and 

has been defined on p. 16. 

The total energy of the fluid is therefore given by 

- + TT" 4- + i-E. = constant. ( n 

p 2g ^ ^ 

This is known as Bernoulli’s equation. 

To form a still more comprehensive equation, which will satisfy the con- 
ception of the calculus where all the variables are considered to increase, let the 
pipe, shown in Fig. 167, slope upward. Suppose that in moving from section (1) 



Fig. 167. 


-^L I J 


to section . (2) .the fluid is ft. -lb. of caloric energy*, together with IF ft.-lb, . 

of, meehanieai energy, so that the total eflergy arriving at section (2) is i 




( 2 ) \ 
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Ex. A fan imparts a velocity of 120 f p.s. to air at n t p. By what wiU the pressure be 
increased if the pipe is enlarged, so that the velocity is 50 f.p s. ? The pipe is horizontal. 

Considering incompressible flow from section (1) of small area to section (2) 

p^2g 

Pxzh = ^ [1202 _ 602] ft, head of air. 

p ig 

Now since 12*39 cu. ft. of air at n.t.p. weigh 1 lb., then a column of air 1 sq. ft. in area 
and 12*39 ft. high would produce 1 lb. per sq. ft., whereas with water a head of 1/62*3 ft. 
will produce the same pressure. 

Difference of pressures in inches of water 

Owing to eddies and surface friction this increase in pressure would not be realised 
in practice. 


Adiabatic expansion ol a fluid. 


If the fluid is allowed to expand adiabatically through an orifice from pressure 
Pi to pressure p 2 } the definition of an adiabatic operation, no heat is 

added in any form; therefore (If -hH) » 0. 

Further, if the discharge from the orifice is horizontal, or (Zq-Zi) is small 
compared with the other quantities in equation (3), then 




ft+zi 

Pi 2? 




F|-F? 
2g 


■■(s+'-’-l-fe”’")' 


.(4) 


Now is the total heat of the flilid (see p, 128), and the difference in 

' total heats during isentropio expansion is the work done on the Ranldne cycle, 


n Pi 


, * n-lpi 


I 


(see p. 177). 


{ Alternatively, for a perfect gas, y replaces * ■ 






^ ^ .PI .PI 

i' '4 ,T ' t ' ■' '-I , , 1 ' ' * I ' ^ , ' ' ' ^ ^ , ' 






(?) 

( 6 ). 

^9t* * * \n 


h L 


specific Wt prevent the e^ansion being 
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By (7) m (b), 
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(i J. j-l L 2 ) = 


y-1 




^ /i^l i>2\ 


By (8) m (4), 

2g' />i /^2 r“iW /V 



1 

r 'i u 


ii 

1 

i 

1 . 

LPi P 2 - 

1 7-Whl 


( 8 ) 


( 9 ) 


which IS the work done on the Bankrne cycle 
If the fluid IS not aetumulating between sections (1) and (2), then, foi con- 
tinuity of flow, the mass passing section (1) must be equal to thal passing section 
(2),ie 

^■iYlPl ” -^ 2 ^ 2^29 * W 

which is tlio Equation of continuity. 



Let ^ be the piessuie ratio p^lPv ^ ^ (1^) hocomi? 




7 - 1 -, 

1-!^ y 


l--rK^yS 


(U) 


1 

( 


*Ilce tnaas flow through an orifice. 

By^ equation (10) the mass flowing through section (2) is given by 
k iU area perpendtolar to velocity Fg* 


N 
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Substituting the v^alue of iii this equation, 
Mass di&chaiged pei second 


m 


= w = 



y-i- 

Lr_p>i 

\-~d 1 

\y-UPi 

1 



(15) 


Taking under tlic ladical, and expressing tlie ratio of the densities in teims 
of piessure fiom equation (6), we have 


IV = 


y 


(16) 


2g{^Ap^P,Jy 

Ll-^2J7J 

The coefhoient allows foi friction and non-paiallcl flow 
In practice pressure differences aie moie easily measured (and with greater 
precision) than aie absolute pressures, so with this object in new, and to render 
the eftect of the pressure ratio in (16) subordinate to the pressure difference 
hi - haj Ilf® 5^1 / \ / \ 

By (17)111 (16), 


(17) 


! t!;\ 

- , ,7 ^\1~M f 


w s= G^A^ 


y-1 




(18) 


l~r2^r 


For incompi essible flow the internal energy would be zero, since the molecules 
would be in contact and p^ would be equal to p^, hence Beinoulb s equation 
becomes x/a 

^+!I=^3+D 

p 23 p 2 (/’ 


p(l-rS ’ 


“’-'•■'"’v (l-r2) • 


(19) 


CompS,nng (18) and (19), it will be seen that the two become identical if the 
right-hand side of (19) is multiplied by 



* h'quation (16) was first deduced bj St yenant and Wantsiel (Compter Eendm, 1839) 
from Poisson’s equation. 


ci a 
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C is known as tke Compressibility factor, and with r<{, >o*96 and 

7 ~ 1’4, (7 > 0-96 for this partiehlar range. 

It will be seen that, by treating the flow as incompressible, the discharge can 
be readily computed from equation (19), and in view of the rather difficult 
arithmetic involved in the calculation of the value of C', this estimated discharge 
may approach as closely to the actual discharge as does the corrected value, which 
is so liable to arithmetical errors. 


*Values of C. 

The air supply to an internal combustion engine may be very conveniently 
measured by an orifice tank, which, to damp out pulsations, should have a volume 
about 600 times the swept volume of one cylinder of the engine. Since the flow 
into the tank is from the atmosphere, the area rij may be regarded as infinity, 
and therefore = 0, whence with ^ = 0-95, 0 - 0*978. 

Taking M ~ 0*9, Q = 0*951. 

Taking ^-0-65, (7- 0*799. 

Taking ^ = 0*66 and ^ 0*7442. 

Ex. On the compression of air. 

Air at ]sr.T.r. is flowing through a pipe with a velocity of 2500 f.p.s., but owing to a 
gradual increase in the diameter of the pipe, the velocity is reduced to 800 f.p.s. Find the 
increase in pressure and temperature, 

Eiom equation (9), p. 322, 

Vl-n r ftL (P.'\T 

’ Also ^ and pv ~ BT. (2) 




800 ^- 2500 ^ 1*4 

2gf 0*4 


X 96x273 



, 87,100 
“^91,800 “’273; 
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The plate orifice for estimating fluid flow. 

The plate orifice is the cheapest and most convenient method of measuring 
the flow of fluids when there is no objection to slightly obstructing the flow, and 
absolute accuracy is not essential. 

Fig. 168 shows a suitable orifice for which (L = 0*61, if “ < 0*86 and — > 0-98. 

^1 1^1 

For other pressure ranges 0^ == |o*914- 0*306— j .*** 



Fig. 168. Plate orifioe. 


The coefficient of discharge is very susceptible to change in the shape of the 
orifice. Even scraping off the sharp leading edge may increase the flow by 2 %, 
For a sharp-edged orifice, supplied directly from the atmosphere, under a 
pressure difference of about 2 in. of water, <7^ *==0*6 (see also p. 668). 


Ex. Flow through an orifice. 

Determine approximately the weight of air in lb. per sec. that will flow from the 
atmosphere through a, 3 in. diameter orifice having a coefficient of discharge of 0*6 if the 
, barometk is at 28 in., the air tempierature is 20° C., and the pressure difference across 
'’y\.ihe,Qrifiqeis‘;(Jin. ofmercury.^ ' ' , ' - ' 

, r! /hTote t|ieden^ty of aff at SOm/harom^ter andp!^ C. 0*0808 lb. per ou. ft. Dy what 
- ' -u.. jjj j^ender it more exact? 


,(seee(liiationf.(19))^, - ' 

1912.' , - , ' 



♦ ^ r ^ j 

i 

,*».- , I ’ 
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Since the flow is from the atmosphere r = 0, 

070 oc 

A-|^x|xO*0808^0*0703, 

^2 ^ sq- ft-, Ga = 0*6. 


/. w = 0-6 X ^ ^ ^ ^ ^ seo. 


To allow for compressibility, 


30 



.\ G 



2/ 

r 1 -^ ^ 


r~i \ r 

In evaluating G great care is required, since we are dealing with smafl differences, 


y 

2 

r , 


2 , r-i 1 

-421, ^ 


' .- y-l 
y 


^ 1421 X 1*9760 « -1421 

41‘3H7 

-0*034 

T-966 

2 

, ,.\ 0,0247. 

=« 0‘2898 xX*9760 -0*2898 
4-0*2828 

' ' . -0*0070 

'* ' ^ 1*9930 


1 *0'984t'^ / j , 

Hf \ 1 ; ? y' ' '' ' ’ 

- ilf J ^ r j „ , ' - '.-Lii:.i A'. J ; , -,,, - < - 




\ Vrt. 


■71^ ,0*S^jS» ’ ‘ ' 


1 


r' ?M3 
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The maximum discharge through an orifice. 

An examination of equation (16), p, 323, shows that, for an orifice of given area 
A and supplied with a definite fluid at an initial state p.^, the discharge w 
depends upon the value of r and If we assume that the area of the approach 
channel is so large that the Velocity of approach Vi is negligible comx3ared 

2 y-1 

with Tg, then r ~ 0 and w then depends on i^^{l - ). When this quantity 

is a maximum w will' also be a maximum. 

To determine the value of ^ which wOl give this maximum, let 


2 

y , 


dM y y 


This value is zero for a maximum discharge, whence 


= (Z+ilay. 
r 7 


\ 



' 2 ^ Pa 

7 + 1 / Pi 


( 1 ) 


This is known as the Critical pressure ratio. 

It should be observed that ^ is insensitive to changes in the value of y, since 
on logarithmic differentiation of (1) with respect to y, we have 


m 

dy 



1 

+ (y-iy 



when y = 1*3, ^ = 0-54:5. , 


Hence a 10 % 


JThd I , 2 

• • dy “ ■^LO'69 ^ 2-i 


= 0 - 1813 . 


change in y produces only a ^ ^ ^ ~ % change 



in equation (16), p, 328, we have 
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Taking y = 1*4, ^2 tkroat area in sq. it,, tlie initial prcbsnre m lb. per 
sq. ft. and Pi = l/^i, where is the specific volume in cii. ft. per lb. 




^raix. “ 3*S9 

lb. per sec. 

( 2 ) 

With 7 = 

1*3, 


/i 

/ ” ” 

(3) 

With 7 - 

1-135, 

^max. “ 

Ih 

1 ” 

(i) 


To show the effect of variation of the initial pressure on the maximum 
discharge from a nozzle. 


In equations ( 2 ), (3) and (4) the ratio 



may be witten 


■Pi ^ 

V PiVi 


Now for a gas PiV^ = MTi, so for a constant value of Ti the maximum dis- 
charge is directly proportional to the initial pressure; so long as the back pressure 
<{2ly+])yiy-^p. 

For steam which is dry and saturated the product PiV^ varies but little with 
the pressure p^, so again the maximum discharge will be 3 )roportional to the 
initial pressure. For superheated steam pv = l*253(H — 835), and if H remains 
constant, as in throttling, pv is also constant. 

Napier expressed this result in the form Wmax. = ^ lb. per see., 


which is Napier’s law*^, where a is the contracted area of the orifice in sq. in. 
and^i is the initial pressure in lb. per sq. in. 


Ex. Paint sprayer. 

I Determine the smallest yolume of an air receiver which, when charged with air to 

j 100 lb. per sq. in. absolute and at a constant temperature oi' 80® F., will work a pamt 

sprayer continuously for 10 min,, if the sprayer valve maintains a pressurp difference 
j over the air nozzle of 35 lb. per sq. in. 

I Bore of nozzle » 0*04 in.; coelficient of discharge = 0*95; specific volume of air at 

f ]!T,!r.r. 12*39 ou, ft. per lb,; 7 = 1*408. 


The maximum discharge from an air nozzle is « 3*89(7d.iaVP/^» where is in 
Ib, per sq, ft. If the expansion in the receiver is isothermal, then pv^MT^ 0, whence 
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The flow through a 0 04 in. diameter hole m 10 min. 


lC5xffxl6x095x]Ox80 
144 X 4 X 1002 


= 0 82 lb. 


Taking atmospheric pressure as 15 Ih. per sq. in. the terminal pi essuie in the receiver 
Mill be 60 lb. per sq. in absolute if a pressure difference of 35 lb. pei sq. in. is to bo 
maintained. 

If V is the volume of the receivei , then the weight of an* lemammg in the leceivcr is 


60 X 144 x^; 


= 0-2505V. 


53-2x540 

Initial weight = (0*82+0-2605u). 

But pv — wRT, 

100 X 144«; = (0-82+0-2505«;) 53-2 x 540; 
whence v = 3*274 cu. ft., 

i.e. a receiver 1 ft. diameter and 4-2 ft. long would be suitable. 


Ex. Leakage from a compressed air system. 

With all valves shut m a compressed air system having a volume of 176 eu ft. the 
pressure in one hour fell from 100 to 28 lb. per sq. in. absolute. Determine the diameter 
of a hole having a coefficient of discharge of 0*625 which would give the same rate of 
leakage as the combined leaks of the system 

1 lb. of air at 14-7 lb. per sq. m. and 32’’!’. displaces 12-39 cu. ft ; 7 = 1*4 and the mean 
temperature in the system = 80° P. 

For the receiver, 

pv = wBT, p = 14-7 X 144, v = 12*3, T =5 492. 

14*7x144x12-39 


.*. R 


492 


= 53-35. 


T ... T • U 4 r • • • 100x144x176 Q 

Initial weight of air in receiver = "" 540 ^^ 53 :^^ ~ °° 


lb. 


Final weight of air in receiver 
Weight of leakage air 
For air the maximum discharge 


28x144x176 
640 x 63-35 


= 24-66 
= 6^34 lb. 


2^-890 lb. per sec. 


w 




(see p. 328). 
But 


( 1 ) 
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If the leakage IS &o slow that tketempeiataie in the loecivei ot volume Wj, is constant, 
then VrIBT is a constant, so difieientiating with lespect to time f, and equating to (1), 

dw dp I Vj\ 

\ETj~ ' 




(If dt 

But for isothormal expansion jw = BT, whence 


dt = 


t 


-Vit 


dp 

3 89^2^1^7’ 


log, 


Pi 


But 


Pi ^ 100 lb per sq. m , v^- 176, 
^ 2 » 28 lb. pei sq in , T ~ 540, 
t = 3600 &ec , C^ — i) 625. 

100 

176Iog,-5r- 




1 


3 89 X 0 625 X 3600 x V53 35 x 540 0570 

Had the expansion m the receiver been adiabatic, then 


sq ft. 


pi+ifv 


Also 


pvjt = 

/ y-l \ 


w 


yzl 

y 




dw 


y-l 




RT, ly 


dt 


By (2) in (I), 
Equating (3) and (4), 


dw , /yi»’ 




( 2 ) 


.,(3) 

...( 4 ) 


y-rl 



( Pi y M 
A m / 


“-I 




miy 


y-l 

y vje-vy£"vj 

!f,yS-89(7ji 


8J 


1 z 
^dp. 


I 
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m 


^ ir r -(V) ^ -( V)1 

UTi7 3S9r,^Jy-lL^2 ^ ^ 

y-i 

- 1"]/ __ 

r-^LW jmT.xm 


But 




2 u*89(7jjj42 
1 


^iRTj^xZm^t 8370* 


.*. .Aq — 


ot 

-A] = 83f;Q‘ 


I r/lOOWs 


2 04''8370L\28/ 

Diameter of hole foi an isothermal expansion m the tank 


1 ,o * 

6570^^Vx“5 98“‘‘ 


For an adiabatic expansion m the tank 

l^~-L 

8360 V it" 7-98 


m. 


Values of the critical pressure ratio. 

For diatomic gases y = 14, whence the critical pressure ratio 


= 0'628. 

M + l/ 

For superheated steam y = 1*3, whence 

lo 

/ 2 \l 3 -l 

For steam initially dry and saturated ^ = M35, whence 

1185 


/ 2 \l 136-1 

— - — *= 0*577. 

^1*135 "I" ly 


Physical meaning of the critical pressure. 


2 \Fi. 


On substituting the value M *= j ^ equation (14), p 322, and taking 
r = 0, the velocity at the throat of the nozzle is given hy 
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If this physical limit were not applied to equation (16), curve (1) of Pig. 170 
would represent the condition, the discharge increasing from zero to a maximum 
and then decreasing to zero again, when the specific volume becomes infinite, 
since an infinite volume cannot be passed through a finite area in a finite time. 

In practice it is impossible for the flow to decrease with a decrease in back 
pressure, so the dotted portion is replaced by a horizontal straight line. 



Back Pressure 


Fig. 170. 

Ex. Air nozzle. 

A convergent nozzle discharging into the atmosphere is fitted to an air receiver to 
measure the output of a compressor. Show from first principles that the maximum 
discharge of air takes place when the atmospheric pressure is equal to or less than 53 % 
of the initial pressure. 

If a divergent extension is fitted to the existing nozzle, calculate the ratio of exit 
area to throat area in order that the issuing stream may have the greatest possible 
velocity. 

The initial pressure is 300 lb. per sq. in.; y =? 1*408. 
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lU 


\t tilt’ thioit 





Pi y 

Piy i-i 


Vlso 


PA^Pz^^ 

1 

h Pi \pj 


Whaiccln (2) (.5) ma(4)m(i). 


^2 




159 

M7 


1 

1408 



(3) 


( 1 ) 


Ex. Initial temperature and pressure of air. 

It IS desuod to have an dehvered from a noz/le at a velocity of 1800 f p s , a pj e&sure 
of] 5 lb pel &q in absolute and a temperatme of 40® F It is kno’wn that the nozzle 
coeffifient is 0 %, and the velocity of the an entering the nozzle is too low to be voith 
consideimg. Find the imtiai tcmperatiae of the an and its pressure 

Bernoulh’s equation holds whether h letion is present or not, but if friction is present 
the internal energy term on the light hand side of the equation is greater on account of 
enere;y being convex led into heat 

For this problem the equation becomes 




.. (1) 

ITow 

r. prPzT,- 

• (3) 

By (S) in (1), 


. (3) 
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The flow of a vapour. 

In the case of a vapour such as saturated steam or, foi that mattes initially 
feupeiheated steam (if duiing exjianbion it changes to the satuiated state), the 
exponent y is no longer constant, but is a function of the initial and final states 
jPoi superheated steam, y - 1 3 
Foi dry saturated steam, y ~ M35 

For steam having an imtial diynosb x Zeuner gave an appioximate value foi 
ymlOZ6+x/lO 

In view of the vaiiation of y throughout the adiabatic expansion of steam, and 
because also of the labour involved m evaluating equations (14) and (16), p, 322, 
it IS more convement to use the equation 



(see p, 321), as the adiabatic heat drop (a,h d.), which is represented by the right- 
hand side of the equation, can be scaled directly from a Molher diagram. Let this 

First deduced by Ranlcme, 1868. 





The Flow of Fluids 


heat drop be represented by a.h.d. o.h.u., then 

-^5—* = J(A.H.D.), 

where J is Joule’s equiyaleut. 

T 3 = s/2grJ(A.H.D.)TFf. 
If the velocity of approach TJ is zero, then 


( 1 ) 


Fg = '\/2 </J(a.h.d.)^30oVa.h.d.c.h.u. or 223-8 Va.h.d.b.t.u. 

To obtain the contracted area which will discharge mass w lb. per sec. 
we have, from equation (10), p. 322, 

A T7 A ^ 

w P2> . . G^A^ — p— — y . 

In order to obtain the specific volume we must know the condition of the 
steam after adiabatic expansion. This is given directly by the MoUier diagram 
(see p. 1 82), and if the dryness fraction is and the specific volume of dry satur- 
ated steam at pressure pg is then % — ajgVgg. 

Should the steam be superheated after expansion, then, in the absence of 
tabulated values of specific volumes for various degrees of superheat, or if these 
values are not plotted on the diagram, the volume is most conveniently 
calculated from Callendar’s equation: 

' V = {H - 464) - 0-00212 cu. ft. per lb., 

where p is the pressure in lb. per sq. in. and H is the total heat of the steam in 
O-H-Xi. at the pressure p and the prevailing superheat. 


The profile of a nozzle. 

The mass discharge from a nozzle depends not only upon the cross-sectional 
area provided, but uponthe shap^ of this 
area, and still more upon the shape of the 
axial section or profile of the nozzle. 

' Obyiously the natural profile of a nozzle > 

I yM defend upon the time requhed by the 
4tdd tib ^oqtdre a particular yelooity 7,^ ' 

’iQX yrhioh ihecross-se tonal 'area 'A is 



VeuA Contracta 

Jl 
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If a nozzle were now shaped to this natural contour, calculation would give 
the same results as experiment. Should the nozzle be made shorter than the 
natural shape, then contraction will proceed beyond the nozzle, whilst a longer 
nozzle involves heavier frictional loss. 

So long as the pressure ratio — is greater than the critical, the issuing steams of 

all fluids converge, because the rate at which the velocity increases is greater than 
the rate at which the specific volume increases with respect to a drop in pressure. 
Beyond the section at which the critical pressure exists (i.e. the throat of the 
nozzle) the reverse condition obtains; so that from the throat onwards the nozzle 
must diverge if the remaining pressure drop is to be used effectively in producing 
kinetic energy of the jet.**- Whilst a boundary will forcibly contract a jet and 
thereby stabilise the flow, yet a jet will not follow a diverging boundary unless the 
angle of divergence, or flare, is < 10°. 




Initial Pressure /), 


Velocity of 



Stase or 
Back 

Pressure />^ 


_ Approach 


Area 


Fig. l72. Convergent-divergeiit nozzle. 

^ For simplicity and cheapness the converging part of a nozzle is usually formed 
from an, arc of a circle, and the diverging part is generated by straight lines. 

I, ' I 

T'he effect of back pressure on the mass discharged from a convergent- 
" ; , divergent nozzle. 

„ , From what has been said about the maximum '’discharge from ,a nozzle it 
n^erred th^ the throat area controls the mass fiow> which will not 
r|eaohJits ’niaiitaum value unless the. back pressure is, less’ than the oratioal 

.it i" 't'' ' ' j )' A %• Vi ' ' ' 

A'’ > - 'y' 1; ; 'A' .'A v.' ‘Z A,'//, , 

was responsible' for 'the of ths oonvergeutrdiver’gent nozzlo in 
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Wliilvsfc this true foi ^ puiel) eouvergont nozzle and for a convergent diveriiont 
opei.itiii^ at the design condition, Dr A. Rtodola ‘ showed that the back pressure 

on ti I ojn cigeut-(li\''crocnt nozzle could bo raised until it was between 0-8 and 
Od) of tlie initial piessiiie p, w Inch was inaiutnined constant, without causino tlie 
nus'i how to diininish 

The reason for this paradox is that on laisinc the back pressure the diverging 
cone uiierates on the Bernoulli iirinciple, and converts some of the kinetic oncigy. 
developed up to the throat, into ])ressure energy. The proportion of enotgy 
converted depends upon the angle of divergence and length of the nozzle; lienee 
the variation 0*8 to 0*9. 

Nozzles in which the pressure drop is greater than the critical pressure 
drop. 

For a nozzle of correct design reduction of the back pressure below the critical 
pressure releases an additional adiabatic heat drop (a.h.d .)2 (Fig. 173); so re- 



garding now as the veloeity of approach, the final velocity of the jet is given by 

Vq =5 ^l2gJ (A,H.i).)g + F| (see equation (1), p. 336). 

A more direct my of obtaining Ig. is to regard the complete expansion as taking 
place k a single step, and therefore 


V 


^ 0m Twh/ims^ by A, Stodola, McGraw-Hill, 1927, 
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Tn general llie ^ olouity of approach F, .. n.all and so FI is small .n»mpa, ison 
I , fhe other term under the radical and maj he igpored. 

Sul howe^ er. is not ti ne in the case of leacUon turbine bUlmg. 

TTi’ii'tion in nozzles • 

™ « „tnffrietionistomahetheavailaUeheatdroplesblhantheAH » .aiKi 

Iweuuation (l),p. 33fi, to reiluce the velocity .Uso, whilst both entropy 
theivfoie. by q j^ereabo. The reduction in relocitj and iuciejsem hpccitio 
and ‘'1'^“ ® required oroas-sectional area to be greatci than that for an itleqi 
rohnne cam ^ Beyond the throat the combined elterts of high 

friction lobues to be hear.e, to those r,p 
velocity and a i g g discharged, they merely 

^ rttoStoSS ftends upon the square of the velocity, it an be easily 
i by multiplying the heat drop by a factor, siiice m these cneumstaasies 

fi incia will be proportional to the heat di'op itself. 

Tto correction I shown in Fig. 173, where the reheated coaditon of the 

steam is cHp+ion and for defects in the theory must always 

the proper ^ ^ gaaecal for plate nozdes used m turbines the 

beamatterforexpenm^^^^^^ 

loss up to t e ^ supersaturated flow the greatest loss oocuis after 

SetS?itL^hout^30o/„ ePthe remainhig heat drop. In atrafght 
air*nozzles the lo&s is about 10 %. 

ITlthc ksuinv jet from a oiroular nozzle, in which the outlet is inelhied 
in toe axis the jet, is eUiptioal in eioss-section, and therefore mil not cover 
coiSSiblaLwhichpass under it. this typeofnozzlemn^ 
best turbine practice. 




— 

1—-^' 



a 

c 








c)E 

t 

-iiir 


Conical 
Parallel Part Termed Cover 



/ 

Conical 

Fig* 174* Example of nozde 


y^rdloss 
of the nozzle 
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To cover the blades completely the nozzle exit should be of the same shape as 
the entrance to the blades, i.e. approximately rectangular, although the corners 
of the nozzle orifice should be rounded for preference (see Fig. 254). 

To ensure the inlet and outlet edges of the orifices being radial the nickel steel 
partition plates are bent over conical blocks. 

The plates are pitched equally in the mould, after which they are cast in 
position. 

Ex. On plate nozzles. 

A steam turbine is to develop 3000 r.H.p. when supphed with 9 lb. of steam per i.h.p. 
hr. at 200 Jb. per sq, in. and superheated by 100° C. 

If the first row of blades has a height of f in. and the nozzle plates 2 in. pitch and 
0‘116 in. thick, and are inclined at 14° to the plane of the wheel, find the number of 
jets required, allowing a suitable radial expansion from nozzle to first blade. Stage 

y 

pressure = 75-5 lb, per sq. in. and velocity coefficient ~ 0*97 -l y- — , where V = jet 
velocity in f.p.s. 

Steam flow per sec. « = 7*5 lb. per sec. 

An expansion of I in. is usually allowed from nozzle to blade to compensate for, the 
smaller clear area through the blades in consequence of their greater number than the 
number of nozzle plates, and the lower steam velocity. 

Hence Nozzle height — J in. 

Area for flow at exit per jet 

= (2sml4°-0-110) X J = (0-2419-0-0058) = 0-1839 sq. in. 

Adiabatic heat drop 54 c.h.tj. 

Ideal velocity == 300 J64 = 2203 f.p.s. 

' 2203 

Velocity coefficient - 0*97 — - 0*9385, 

' , Actual velocity « 0*9386 x 2203 

= 2067 f.p.s. 

tet E = heat drop utilised, then „ , 

' ' m^E mt ' ' . 

j ' .''300^54^2203' 
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Alternatively, by Callendar’a second equation, 

w 

V = 1.0706x^-0-4213|^j* +0’01602 

=« 6-69 -0'1937 4- 0*01602 ^6-5. 

iV'x 0-1839x2067 


Whence 


Weight per see. = 7*5 = , , , ^ ^ 

144 X 6*5 

N = 18*43, say 19 nozzles. 





Fig. 175. 

Design of a steam nozzle. 

The quantities which are usually given are: 

(1) The initial pressure’ and condition of the steam, or s%. 

, (2) The stage or back pressure, ^3 (i.e. the pressure in the chamber into which 
the steam is being discharged). 

(3) The mass how, ?^Ib. sec. , 

'From these 'quantities we must first determine whether the nozzle is con- 
vergent or convergent divergent, by seeing if the back pressure is greater than or 

i , ' ' n, 

\i A 'L 2' W-i , ! ‘ 1 

'iesS.t^mpdirYrJ * , where w is the liidex of expansion. ^ ' 

U'-' ‘ ‘ ^ ' , * ' ' ' I ‘ ^ ' ' ' ' I ' ’ 

|i';\ Jf|he-,b^bk prebure is greater thah or equal to tliis, tihe nozzle is merely com 
and t|ie exact 


Uilf - ’>r', r„ ' < I 

m . 


seevxp' 

1 . . ! 


‘ ' '' ' 'eohdittoih’bub*W. per Iki * 

'i (fliSS tsa l i I I' I'I I'| 1 » I ■ > « *. ' M .I.,....?l.>|i.4!.,^.. I, . . 11., .1 1^ .. gq^'Jtw 

S ti /rf ’>V .V /; ‘ V ■ ' ' i?^S H S’ozzld effioienoy , ' ■ 

<4 ''/i '’1 , ‘ I ■<> " ‘j- 

1 1' I ri I ^ ’1- , . ‘ I 
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If the foacl^ pressure is less than the critical pressure, the throat area must first 
be calculated for the pressure range to throat pressure and then the exit 
area for the range pj to pg, these areas are then connected by curves and straight 
lines, as shown m Fig. 172. 


Ex. Throat and exit diameters, allowing for friction. (B.Sc. 1925.) 

A convergent -divergent nozzle is to be designed to discharge 0-15 lb of steam per sec, 
into a vessel in which the pressure is 20 lb. per sq m abs when the nozzle is supplied 
\Yith steam at 100 Ih. per sq. in.^also superheated to 200“ C, Find the throat and exit 
diameters of the nozzle on the assumption that the friction loss in the diverging part 
IS 10 % of the total heat drop. 

Throat pressme — 0*546 x 100 = 64*6. 

Heat drop to throat = 29 c.h,t;. 

The condition at the throat is superheated and = 653 o S.n. 

' 2*2436 

Specific volume [653 -^464] -0-0021 = 7*79 cu. ft. per lb. 

This value may be checked from the H<j> chait. 


Throat area A. 


Tliroat diameter 


0*15x7-79x144 

300V29 


sq. in. 


0-15x4x144x7-79 


0-3643 in. 


7T X 1614 

Total A.H.I). from inlet to exit = 70*6 o.H.u. 

Beheated condition at exit = 0-955 dry. 

Specific volume of dry saturated steam at 20 lb. per sq. in. is 20-08 cu. ft. 


Exit area 


Exit diameter 


0-15x20-08x0-955x144 

300V7b-6xO'9 

'0- 16x4xi4x 19-17 
.7rx2390 


* 0-47 in. 


. , Ex. Ratio of throat to exit area^ for thermal e< 4 uilihrium. (B.Sc, 1983.) 

, ,'Show that the ma:rimum clisch?trge through a nozzle takes place when the ratio of 
, ;4hroat|)r68sm6''tompply)pre3sufe ” - , -* ' 

?>' ' ' ’ *' *' '!JL! '!,* ' / 

Itfess^e of. 120; lb. ’per ' \ 'J\ 

jEi ^ . i 



343 




The Flow of Fluids 

Weight discharged per second = for throat. 

Weight discharged per second = A^V^p^ for exit. 
Equating these discharges, 


_ ^ 3 p 2 _ ^ / Heat drop to throat 
■^3 P 3 V Heat drop to exit x 0*9' 


Throat pressure ~ 0-.577 x 120 - 69-3 lb. per sq. in. 

Heat drop to throat = 25-0 c.H.n. 

Heat drop to exit = 77 x 0*9 = 69 3, 

Dryness at exit, allowing for friction, = 0-908; dryness at throat = 0-964. 


Ratio of areas = 


22-16x0-908 / 25 


6-23x0-964 V 69-3 


= 2-05. 


Ex. Nozzle area and effect of velocity of approach. (B.Sc. 1931.) 

The nozzles in the stage of an impulse turbine receive steam at 250 lb. per sq. in. 
and 60° C. superheat and the pressure in the wheel chamber is 150 Ib. per sq. in. If 
there are 16 nozzles, find the cross-sectional area at the exit of each nozzle for the total 
discharge to be 620 lb. per min. Assume a nozzle efficiency of 89 %. 

If the steam had a velocity of 360 f.p.s. at entry to the nozzles, by how much would 
the discharge be increased ? 

Throat pressure = 0-646 x 250 = 136-2 lb. per sq. in. 

The nozzle is merely convergent as the throat pressure is less than 160 lb. per sq. in. 

Heat drop » 27 o.h.f. 

Velocity ' =- SOOV27xO-89 - 1470 f.p.s. 

Total heat in the reheated state = 683 g.h,tj. 


' Specific volume 

Volume flowing per sec. 


= 2-2436r 
620 


683 - 464' 
L 150 




•0*003 3-275 cu. ft, per lb. 


_ X3-276 =^5^x1470. 

60 144 

(Z s=: 0-207 sq. in, 

3602 1. 


’ I ' .H[eat equivalent of initial k,b. ~ = 1 -437 . ' 

- ' Bual velocity . , ’ » 300V27 X 0-89+ 1-437. 


) ,|*eibuut^ge,,mcreuse in velocity I ,+ ^ 

■ *rix'J^lxlOO.=.3%. 


27>i:0;89 


■"pgfeis « also he, the percentage Wease in 'discharge; since the specific vohmevrill 


"i f -ij- 
■ ,11 i ,‘-\ / I 


I 
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Ex, Initial pressure for a given discharge velocity. (B.Sc. 1931.) 

A convergent "divergent nozzle is to receive saturated steam and discharge it with a 
velocity of 2600 f.p.s. into a wheel chamber of a turbine where the pressure is maintained 
at 20 lb. per sq. in. Emd the pressure of the steam supply to the nozzle box. Assume 
that throat pressure is 0 54 of the initial and that 15 % of the total available heat drop 
is wasted in friction in the divergent portion of the nozzle. 

Lot B be the total heat drop in c H.xr., then 

2600 = 300V0^, 




Mark this length off along a paper strip, and keepmg the end A on the 20 Ib. pressure 
line (Fig. 176), and the edge vertical, move the strip until point B lies on the saturation 
line. 

Bead off the pressure: Pressure = 165 lb. per sq. in. 


Paper Strip 



m 


81.9 Lb, 

PER $9 Ih. 


99 


110 C.H.U 


H 


Ex. I^ottliag of steam on diagram aad nozzle areas. (B,Sc. 1929.) 

' . The pressure and the temperature pf the steam in'the steam pipe supplying the first 
stage.ofan impulse, ifcarbine are'2Q0 Ih; per s(|, in. and 260® C. respectively* The steam 
thhii passes through a throttle yalve into a nozzle box, .where the pressure is 150 Ib, per 
sq. ,in.^„an4 there ar^ four conyergent-^y^gent^n^^ whieh'toge^her'j^'^O lh--of 

p6r>sq.in.ianming 10% 

m^^wrrlntr '' 4f1L 4?i' 




tiie orange vi Condition '<>f; 

hifet6;i^^jlpv|5te^W'WiihduVan^ itt'.fejW heat,^' 
6f!^e ^jf^urevdtop! if ^ iiepresentedi .,hy the line X , ^ 
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Throat p|*essure 
Total heat at throat 
A.H.D. to throat 
Total A.HD. 

Effective heat drop 
Reheated dryness fraction at exit 

Specific volume at throat Vg 

Specific volume at exit 

Velocity at throat 
Velocity at exit 

w 
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== 150 X 0 6457 = 81-9 lb. per sq. in. 


The combined area at throat A 9 =s 


= 676-5. 

32 c.H.tr. 

= 110 C.H ti. 

= 110 X 0-9 = 99 o.H.u. 

= 0*947. 

2*2436 

= -gj~[676*5-464]-f0*0123 

= 5*84 cu. ft. per lb. 

= 0*947 x 30 
= 28*41 cu. ft. per lb. 

= 300^32= 1697 f.p.B. 

= 300^99 = 2984 f.p.s, 

— A'X.Vxp. 

50 x 6*84x144 


60x1697x1 


= 0*4125 sq. in. 


The combined exit area A< 

Throat area per jet 
Discharge area per jet 


50 .. 28-41 . 

^^^xl4Ax = 1*142 sq. m. 

=a 0-1031 sq. in. 

= 0*2855 sq. in. 


EXAMPLES ON THE FLOW OF GASES 

1 . The air supphed to a gas engine is drawn through a large box. In one side of the box 
is a sharp-edged orifice in. in diameter. If barometric pressure is 29*8 in., temperature 
22*6° C., and a manometer containing oil of specific gravity 0*9 reads 21*2 in,, find the 
weight and volume of air consumed by the engine per min. at the prevailing conditions. 

= 0*637.' Ans, 1*77 lb.; 23-9 cu. ft. 

(B.So.) 

2 . In using a Venturi xneter for measuring the discharge from a fan the following 
particulars- were noted- 

, 'At iiilet, pressure = 15*62 lb. per sq. in. 

At throat, pressure = 13*78 lb. per sq* in. 

' ' Inlot area I sq* ft.; throat area - 1 sq. ft. Temp. 15° 0 . 

fed, theoretical discharge of air in lb., sec., assuming that pv = 96 2^, — c , 

8*95 lb. per sec. 

' 'i . \ ' . ' ' 

K - '$1 ipiariing a^ost bn a feaff air compressor the, air is expanded through a throttle valve 
femi the’receiy^ ^he% Is* (discharged iq.to the atmosphere through a 
qidfiohi If th^^otoeof air'after passing, through fhe orifice 

depf % k thep>0:p78 Ih. pet eoi ft., apd ipressure:l'4*7 lb. pet sq, m.f 
thedmerencq nt-pre^hreln inches Of.Water bltTOnthe t’vro ^d^^the 
^aum 0 'hcoej^ 6 ie]irt*qf discharge’ of i>64^ , * ' 4*32 in,* 

1 ' I ' / ' ' ' “ ' ' ,1 

‘ ' a ’ I , I ' ' 

[lE's . f 1 J, ? ’ ' , J ‘ I I l' V* f , '* - ( I , ' ' ' 

’ 

'i!' 'll A s' r* '“‘H'l'hf* "'',1' f 

Ji'*; V .M . , . ' ,i 
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4. Dcterniiue ihi smallt^t volume ol an air leeeivor which, when charged with air at 

UK) lb, per si| m absolute and 80’ f., will work a forge fire continuously for one horn, 
d. bv means of a piessuie lecliiemg valve, the pressure difference over the nozzle is 
inainidined ajipi o\iin ilelv umstaui at 13-5 lb. per sq. m. The boro of the nozzle is J m., 
(oellifienl of diseliaige 0 025, expansion mde\ 1-4 and 1 lb. of air at p t. displaces 
!2*30ni.lf. Ans. 50cu.ft. 

5, Air nozzle. {B.8c. 1930.) 

xVn at a pressuic of 300 lb, per sq m. and at atmospheric temperature 18'’ 0. is sup- 
plied to a oonvergciit-divorgeni nozzle having a throat diameter of 0*5 in and dis- 
ehargi ng to atmosphere . The a diabatic index for air is i -4 and the characteristic constant 
lb 96. Find the weight of air dischaiged per minute. Prove any formula you employ. 

Ans. 81*9 lb. per rain. 

6. A large mining company has provided 109,000 cu. ft. of ooniprossed air storage. 
The pressure of the air in storage drops from 100 lb. per sq, in. absolute to 25 lb. per sq. 
in. absolute, the temperature remaining constant at 80° F. 

{a) Wliat weight of air is stored initially? 

[h] By what percentage has the weight of air in storage been reduced? 

(c) What energy expressed m b.o.t. units has been liberated? 

Ans. {a) 54,650 lb.; (6) 75 %; (c) 92,600 B.o t. units. 

7, Air supply to internal combustion engine. (B.Sc. 1940.) 

What methods are available for measuring the air consumption of an internal com- 
bustion engine? 

During a test of a four-cycle gas engine governed by the “ hit and miss ” method the 
measured gas consumption was 127 cu. ft. per hour at 15° C. and 30 in. of mercury. 
Tljie engine speed was 224 r.p,m., and the explosions per minute 59. The air consumption 
was measured by a shaip-edged orifice 1*00 in. diameter; the pressure difference across 
the orifice was 3*56 in, of water, the air temperature 12° C., and the barometer was 
29*5 in. Taking the discharge coefficient of the orifice as 0*6, calculate 

(i) The weight of air supplied to the engine in lb. per minute. 

(ii) The air fuel ratio of the cylinder charge by volume. 

Ans. I -862 lb. per min. ; 543 to 1. 


EXAMPLES OX NOZZLES 

1 . Critical pressure ratio and discharge per unit throat area. (B,So. 1924.) 

Prove that the ratio of throat pressure to the initial pressure in a oonvergent-divergeht 


nozzle is 


2 


, where n is the adiabatic index for the expansion, and find an ex- 
pression in terms of the initial pressure and specific volume for the discharge per sq. ft. 
of throat area per sec. 

^ pressure in lb. per sq. ft,; % is the initial specific 

‘ voluiae in m, ft, 


) i .t .iiri 
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2. Nozzle discharge for frictionless flow, exit diameter. 

The throat diametor of a nozzle is 0*5 ]n. The initial condition of the steam is 150 lb. 
per sq. in. and 220“ C ; tho stage pressure is 21 lb. per sq. in. absolute. Calculate the 
discharge through tlie nozzle m lb. per mm., assuming that condensation pioeeeds 
noi’rually and that friction is absent. 

What diameter should the exit of the nozzle be made ^ 

ilDs. 24*7 lb. per min.; 0*603 in. 

3. Nozzle discharge for frictionless flow. Effect of friction on exit diameter. 

(Senior Whitworth 1923.) 

The throat diameter of a nozzle is 0*25 in. If diy and saturated steam at 150 lb. per 
sq. in. is supplied to the nozzle, calculate the quantity of steam passing the nozzle 
diameter at exit in lb. per sec. The exhaust pressure is to be 20 lb. per sq. m. absolute. 
In answering the above, assume frictionless adiabatic flow and index n = 1*135. 

If 10 % of the heat drop is wasted in friction, what should be the correct diameter at 
exit for the steam to issue at the same exhaimt pressure? Ans. 0*1029; 0*362 in. 

4. Heat drop. 

Obtain an expression for heat drop in terms of the initial pressure and volume and 
pressure ratio when steam expands from according to tho law pv^ - c. 

Hence find the heat drop per lb. where steam expands from 250 to 0*2 lb. per sq. in., 
given that the adiabatic index suiting these conditions is 1*117, Compare this value with 
the heat drop obtained from the chart and also from the steam tables. 

Temperature at 0*2 lb. = 284*8° C. absolute; G => 0*2. 

Hmt. The steam is not dry initially, therefore ^4? M36. Atis, 196*6 o h.u. 

5. Expansion index. Throat pressure and velocity. (B.So. 1934.) 

Steam at 150 lb. per sq in. and dryness 0*95 expands adiabatically through a nozzle 
to a pressure of 12 lb. per sq, in. Assuming that = c is the law of expansion, find the 
value of n which satisfies the initial and final state points, and use this value to calculate 
the pressure and velocity of the steam at the throat of the nozzle. 

Ans. n - 1*134; 86 lb. per sq, in.; 1460 f.p.s. 

6. Temperature and velocity at throat, and cone angle. {B.So. 1924.) 

A nozzle is supplied with steam at 100 lb. per sq, in. and 275° 0. Find the temperatme 
and velocity at the throat, 

If the diverging portion is 2 in. long and the throat diameter \ in., determine the 
angle of the cone so that the steam may leave the nozzle at 16 lb. per sq, in. 

Assume a friction loss of 16 % of the heat drop in the diverging part. 

Am. 437°!’.; 1750 Taper 1 in 25 on diameter. 

7. Throat and exit areas . (B.So. 1937 ,) 

Trove that, when steam expands in a convergent-divergent nozzle according to the 
« c, the ratio of throat pressure to initial pressure is 
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A nozzle is to be designed to discharge 900 lb. of steam per hr. into the wheel chamber 
of a, turbine at a pressure of 14 lb . per sq. in. If the steam in the nozzle box is at a pressure 
of 150 lb. per sq in superheated to 250° C., find the throat and exit areas for the nozzle, 
assuming a 10 % friction loss. Ans. 0-122 sq. m, ; 0*325 sq. in. 

8. Effect of velocity of approach. (B.Sc. 1935 ) 

The nozzles in a stage of an impulse turbine receive steam at 250 lb. per sq. in. and 
60° C. superheat, and the pressure in the wheel chamber is 150 lb. per sq. in. If there 
are 16 nozzles, find the cross-sectional area at the exit of each nozzle for the total dis- 
charge to be 620 lb. of steam per min. Assume a nozzle efficiency of 89 %. 

If the steam had a velocity of 360 ft. per sec. at entry to the nozzle, by how much would 
the discharge be increased? Ans. 0*2024 sq. in.; 2*8 %. 

9. Overload nozzle. (B.Sc. 1932.) 

The essential dimensions of the nozzles in the first stage of an impulse turbine are 
given in Fig, 178. 


I 



i 




1 » 



Fig. 178. 


For normal full power 24 nozzles are open, the steam supply being at 200 lb. per sq. in., 
60° C, superbeat. The first stage pressure is 120 lb. per sq. in. 

For overload working additional nozzles have to be opened to allow a total increase 
' of 20 % in the steam flow: The chamber pressure increases in the same proportion, but 
' the supply pressure then falls to 190 lb. per sq: in. at 50° C. siiperheat. 

Determine the additional nozzle area required. Take a nozzle efficiency of 91 % for 
' both conditions of working. - Atis. . 2*84 sq. in. 


‘ ; 10 . ' The inltM conditions of an impulse turbine are 200 lb, per sq, in. absolute, 1 10° C., \ 

’ superheat, steam supply 7*6 lb- per seo. It is 'desired to reduce , the’ temperature in the , ^ 
] ^ , 'first stake nozzles to 200° 0* There are 16 nozzles haviner blates 6>1 in. thick, nitch 2 in.,' ^ : 
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Before expansion the steam pressure is 100 lb. per sq. in. and temperature 2S0“ 0.. 

rfnSaUheexitendtopass0O,OOOlb ofsto 

the noLe may be talren aa 10 »/. of the arail^. edmU.o 

heat drop. 


Steam Passages 



Plane of Diaphragm- 
Fig. 179. 

12. Expansion through a series of nozzles. 

J f 4 . }h Der SQ, in. absolute, superheated 300 I"., ib expanded 

to 80 lb. per sq. in. 

^ A riifinn fit the bedmiing and end of expansion in each group 

(«) The pressure jSB and 80 lb. per sq. in.; SOO, 223, 260, 168, 197. 

pi nozzles. 43.2 b.t.tj.; 122 , 140'’E. superheat. 

(6) The work done m each stage. Aw. m 4m. 1-022. 

(c) The reheat factor- 4 m 1466 f p s 

ffi The Telocity of issue from each group of nozzles. 

(e) Exit area of a set of nozzles for the second stage, to pass 35 f ” ft. 
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14. Nozzle tes£. (B.Sc 1940) 

In ,1 tost on a, stcdin nozzle I lie issuing steam impinges on a stationary flat plate which 1 

ispi'i \)i iidiculai lothediTO* tionol flow,and the force on the plate i& measured. The steam 
Icd\ in« the ti})|)aiatiis is coiulcnsed and weighed. ! 

1 ti a p 11 til ul.ir test the ste im supjily w a& at 50 lb, per sq m , with 80° C supoilieai, 
and tlie esit pi i S",iiio w as 30 lb pci sq in The toi ce on the plate was 15 5 lb , and the ^ 

vieiolit ot --teani < ondensed was :20-C lb per mm. 

(a) Using tiu steam tables, find the theoietical exit velocity of the steam. 

(i) Calculate the velocity coefficient for the nozzle. Ans. 1530 ip s ; 0 952 


Super saturation. 

In the early theory of the flow through a steam nozzle it was assumed that 
condensation of the steam kept in step with the adiabatic expansion, and it this 
expansion were slopped at any instant no subsequent change would take place 
in the condition of the vapour. Under such conditions the steam is said to expand 

in Thermal equilibrium. 

Now if we oonsiiler the expansion of a diy saturated vapour to a pressuie less 
than the critical pressure the mass flow is given by 

w = ZQ 0 A 2 €ap^\lA,u.'D. .... (1) 

1 



for which % = 1*135. 

On using the equation for computing the mass flow it was found that the actual 
discharge was about 5 % greater than that computed, even when the effect of 
friction was ignored; whereas in the case of the expansion of superheated steam 
(for which n - 1*3) the two results showed good agreement with theory, the 
calculated discharge (ignoring friction) being slightly greater than the actual 
discharge as one would expect. 

It was found that when the index 1*3 was applied to dry saturated steam, 
concordant results were obtained. This suggested that, up to about 3 % wetness, 
the steam expands as a homogeneous mass, and does not consist of vapour and 
liquid as the condition for thermal equilibrium demands. 

The reason why thermal equilibrium is not realised is that the mechanism of 
condensation, which is a surface phenomenon, is not quick enough in operation. 

The operation of condensation takes an appreciable time and takes place 
partly on the inner walls of the containing vessei, but mostly on the particles of 
dust which are present in enormous numbers in commercial vapours and gases. 

The adiabatic expansion of dust-free vapours requires a reduction in tem- 
perature bd:ow the dry saturated temperature, corresponding to the particular 
pressurej before condensation commences on charged ions that are present. 





5E!hs idea Of Supersafcurafcioii was advanced by Clerk Maxwell in 1880. 




r I 
?* 


1 


i 



The Flow of Fluids 351 

Those ions form the nuclei oi diops that at hi st contain but a feu molecules. The 
required temperature reduction is known as the degree oi under cooling and 
may be regarded as a negative superheat. 

When the supersaturation limit is reached, condensation at constant total 
heat and constant pressure proceeds uitli remarkable rapidity, the eiieigy 
corre&t)onding to the latent heat of the steam condensed being shot out as 
ladiation, theieby elevating the temperature of the supercooled vapour. The 
subsequent expansion of the steam may he regaided as taking plate m therm rl 
equilibrium. 

Since in the supersaturated state the vapour was unstable, restoration to the 
stable state involves an irreversible operation 
Up to the cloud limit the steam behaves as if superheated and follows the laws 

p( V — constant, (3) 

where b = —0*00212, 

~ W 

i)= 2-2436 0-00212, (6) 

-- constant. 

Effects of supersaturation. 

Since condensation does not take place during Supersaturated expansion, 
then, to satisfy the conservation of energy law during adiabatic expansion, the 
gain in kinetic energy of the steam during the expansion must be at the expense 
of the sensible heat of the steam. In consequence of this the temperature of the 
steam will fall below the saturation temperature corresponding to the prevailing 
pressure, and therefore the density of the steam will be greater than for the 
equilibrium condition, giving a proportional increase in the mass discharged. 

A further effect of supersaturation is to reduce the heat drop (for the same 
pressure limits) below that for thermal equilibrium, but since the value of this 
drop occurs under the root sign in equation (1) its effect on the mass flow is slight, 
and is more than compensated for by the lower throat pressure (0*645^^ against 
Hllpfj, 

A secondary effect of supersaturation is to increase both entropy and specific 
volume immediately the supersaturated condition is passed. 

Measure ol supersaturation. 

The degree of supersaturation is conveniently specified as the ratio 

The density of the supercooled vapour 

The density of the saturated vapour at the temperature of the supercooled’ 

It should be observed that the ratio of the densities is nearly the same as the 
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Experimental proof that condensation is absent in nozzles. 

Ntodok, uhiui* a glass nozzle ^liieh was strongly illuminated, showed that 
diops ot water wcie absent until the steam had cleared the nozzle by a oonsider- 
a])le distaiiie 


The limit of supersaturation (Cloud limit). 

A drop of water may be regarded as a collection of molecules in an elastic 
membrane which can withstand a considerable pressure difference across the 
membrane, particularly when the diameter of the drop is small. 

Lord Kelvin'' showed that the vapour pressiiie j) in a fog containing drops of 
ladiiis r was given by the equation 


R%rp’ 


( 6 ) 


where is the saturation pressure corresponding to a flat surface, i.e, when r 
is infinite, 

<r is the suiface tension of the membrane, 
a is the gas constant, 

T, the absolute tem])eratuie corresponding to pressure jjg, 

/) the density of the liquid in the ch“op. 

By assuming that condensation commences with the formation of droplets 
ot the same size, H M. Martin, in 1918, by considering r as 5 x 10“® cm. at 80“ F. 
reduced Kelvin’s equation to 

logioj^ = 3-75^. (7)t 

O' 7(>*08(1 -0-00iJf^ + U*00000415if) dynes per sq. cm (8) 


Kow since a pressure difference is required to disintegrate a drop, a similar 
pressme difference is required in its formation, and C. T. R . Wilson| showed that, 
in the absence of dust, condensation did not occur with moisiure-ladened air 
luitil p/Pa>8. When this limit was exceeded a cloud appeared, almost instan- 
taneously, throughout the whole of the vapour. 

By using equations (7) and (S) in conjunction with Calleudar’s equations for 
steam, H, M. Martin plotted on the chart a line -which lay between the 3 and 
7 % wetness lines and which represents the limit of supersaturation. In honour of 
G. T. E. Wilson, § this line is known as the Wilson line. 

The line is plotted by selecting various saturation pressures and, by refer- 
ence to steam tables, the corresponding values of % may be obtained. 



* 1870, f See voL cm, p. 161, | FM. Tmns, 1897. 

I MoEUet cm which the Wflsou flue ia plotted are dcffioult to ohtam. Longman, 

Sited Cq. publish a chart bearing this line in Goudie’s Bimm Twhme$, J eans deduced, 
that the radius of a moieGiile of water was 2*29 x 10-® om. 


Miff'd 4 i nltk ?U 
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By inserting these values in equations (7) and (8), p. 352, p may be evaluated, 
and by reference to steam tables the corresponding saturation temperature t is 
obtained, whence the degree of negative superheat is The Wilson line is 
now plotted in exactly the same way as the superheat lines are plotted from 
Callendar’s Tables, which gives H and ^ in terms of the pressure and degree of 
superheat. 

Fig. 180 shows a portion of an H<j> chart with the negative superheat lines in 
the supersaturated field. Into this field are produced the constant pressure fines 
&om the superheated field; so that a* point of discontinuity occurs at E, Because 
of this discontinuity the supersaturated heat drop AB is less than the heat drop 
i ^'AO which occurs when the expansion takes place in thermal equilibrium to the 
! same final pressure. 

The rapid condensation which occurs when the Wilson line is crossed causes 
the entropy to increase by BB in passing from the constant pressure superheat 
line to the constant pressure saturation fine. 


The supersaturated state shown on the T<f> diagram. 

Because of the irreversible operation involved in supersaturated flow the 
diagram is not particularly suitable for demonstrating this expansion. 

The Wilson line is first established on the Tcji diagram by producing the super- 
heated constant pressure lines into the wet field. Brom points such as D (Fig. 181) 
measure the degree of undercooling vertically downwards to establish the hori- 
zontal fine BF; the intersection of this fine with the constant pressure line BJ) 
then establishes one point E on the Wilson fine. Other points are obtained in the 
same way. , , ' 

The process of supersaturated expansion is probably best understood by first 
considering the expansion of superheated steam where the final state point, T^, 
is still in the superheated field., Since negative quantities are not involved in this 
problem, which is shown, in Fig. 182. On this diagram the work done is shown 
dotted and is the difference in total heats ■ 

Kow may he regarded as the total heat of dry saturated steam at <7, plus 
' the superheat s(T^ - 2g). In the case of und^cooling T^< Jg; so that the superheat 
is negative, and’ therefore the heat rejected pia+I/ 2 +s( 2 ’ 3 --J 2 )] i?, less, than 
, {hi ^ ig), but.greater than the rejection (■which oteins when the es^pansion 








?jis'frot''conYertedinto work, 

‘^nstani-pressuro 

v'' 'i. ' 
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Ex. Dry satuiated steam at 100 lb. per sq. in is expanded in a nozzle until the cloud 
limit IS reached Determine 

[а) The critical pressure 

(б) The pleasure and temperatuie when the cloud limit is reached. 

(c) The saturation pressure conespondmg to the underoooled temperatuie 

(d) The specific volume at the begmnmg of condensation and that at the end 

(e) The degree of aupeisaturation. 

(/) The heat drop and the increase in entropy 

Por the formation of a drop of water equations (1) and (2) must be satisfied. 


<r « 76 08 (1 -0 002i,+0 00000416«|) (1) 

lo&,f = 37s|-. (2) 

rs -*3 

Assign values of ig and and obtam the ratio p/pg, thus. 


Table I 



PiVt 

— 

P. 

P 

fC> 

Undercooling 

t-h 

60 

S84: 

2 88 

16 87 

103 8 

43$ 

70 


46 

248 

115 3 

45 3 

m 

501 

6‘87 

3445 

126'0 

46 0 

90 

341 

10-4 

459 

1353 

45‘3 

100 , 


14*69 

631 

146 7 

46*7 



0 


The Flow oj Fluids 355 

For supei saturated expansion the relation between piessuie and iempeiature is 
given by 

Tvheie T, IS the undercooled temperature, 

Ti IS the imtial temperature of the steam, 

Pj is the initial pressure of the steam, 

p IS the vapour pressure when the piesbure within the drop is p, and the tem- 
perature ig 

By assignmg various values to p the values of T, may be obtained foi p^ ^ 100 lb 
per sq m , - 437 5® C , thus 

Table II 


v 

T 

ts 

V, 

60 

388 5 

115 4 

25 

60 

373 0 

100 0 

U7 

45 

364 0 

910 

10 4 

40 

364 0 

810 

71 

35 

343 4 

70 3 

46 


Comparmg Tables I and II it will be seen that whenp - 35, equations (1), (2) and (3) 
are satisfied simultaneously 

Hence the pressure at the cloud limit is 45 lb per sq in and the temperature 90° C , 
the saturation pressure is 10 4 lb per sq in 
For the expansion 

Pi(vi—b}^^ -p(v-b)^^, 

-L 

8-000212 = Pl“ (11,-6), 

\P/ ^ 

1 - 

8 = ^ (4 429 -000212)+0 00212 

Specific volume at the begmning of condensation 

« w 8 187 cu. ft 


To obtain the spemfio volume at the end of condensation at constant total heat, first 
obtam the total heat from the equations 


E 


« 2-2436^- — ^-0 00212, 

8 187 +0*002' 

2*2436 


45+464 = 628 0HT7, 


Applying this to the E^ chart, the intersection with the constant pressure hue in the 
^wet field locates the dryness as 0 955. 


4 


a 
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fftncc the &])ccitic TOluiiie fXl the end of oondonaation 

= 0 055 X 9-386 = 8‘96. 

0 773 

Tlie peiceiitage increase m volume during condenbatiou == - 9*45 %. 


The bpeejfic volume at 10 4 lb. per sq. m. 
The degree oi supei saturation 


= 37*02 eu ft. pel ib. 
37*02 


8187 


= 4 63. 


The pressure latio is 4*41, 

Initial total heat at 100 lb. per sq. in = 661 *6 
Final total heat at 45 lb. per sq. m. = 628-0 
Heat drop = 33*5 

Had the expansion been m thermal equihbiium the heat drop from the E(j> 
chart = 35 o.h.17. 

Increase m {5 = = 0*00368 rank. 

408 


Ex. Explain what is meant by the supersaturated expansion of steam. 

Compaie the mass discharge of a nozzle supplied with steam imtially dry and satui- 
ated, that is expanded in thermal equilibrium to the critical pressure, with that of a 
similar nozzle in which the expansion is supersaturated. 

The mass discharged per sec. 





(1) 


For the expansion, in thermal equilibrium, of intially dry and saturated steam, 
n « M36; for supersaturated flow, n « 1*3. 

Substituting these values m (1) and considermg that is 1 sq, ft. area and that 
Piisinlb. per sq.ft.* 

For thermal equilibrium 

^ Si = ^ 

For supersaturated flow 

1 , 

A ^ \ I H , 

Ipl 




l2'3j 


29 


% 2‘3 


3*786 


The percentage increase in discharge due to considering the flow supersaturated is 


XOO 


a*786~ 3-604 \ Vpifa ^ 18*2 

Jdpilvi 


/3*786-3- 
\ 3*604 


5*05 o/c 


0 * 


Ex. Exit velocity and the degree of undercooltog. (H.So. 1940 ) 

Briefly explain the phmiomenon of sopersaturated expansion of steam, and its effect 
U|on to dii^arge flrom a nozzle as cbmpared with expansion in thermal equilibrium. 

jm anoaade from a pressure of 80 lb. per sq. in, and temperature 210® 0. 
LollOih, pbrsq. in. under sup^faturated oonditiona. Assuming there is no 
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Under supeisaturated conditions the heat diop is given appioximately hy 

n 


01 exactly by 


w-1 J 
n Pi(vi-b) 


71— I 


1 - 


1 - 


Pl, 


n-1 


"^jiPi-Pz)- 


To detoimme we can use Callendar’s equation 

2-2436 

*’'°[-H'_4643 -00021. 


0 = 


P 


H may be obtained from the steam tables if we know the degree of superheat, thus 
(Steam temperature == 210-0° C. 

Saturation temperature at 80 lb. per sq. in. = 155-6 
Degree of superheat = 64-4° C. 

F = 686 6 0 H.iT. 

% [^86-6 -464] — 6-26 cu. ft. per lb. 


A.H.D. 


80 

1-3 ^80x144x625 
0-3 1400 


1- 


0 3 ' 
^\13 

80 


60-8 o.H.ir. 


Exit velocity = 300^60-8 + 2338 f.p.s. 
Final temperature of the supersaturated steam is given by 


3 

/Mia 

\80/ 


(210+273) = 350-8°C.Ab8 


Saturation temperature at 20 ib. per sq. in. = 382-0 


Degree of undercooling 


31-2° 0. 


Recent work on supersaturation. 

In their excellent paper, “Pressure 
distribution in a convergent-divergent 
steam nozzle ”, by A. M. Binnie and M. W. 
Woods,* the authors have shown that the 
theory of supersatnration, jnst outlined, 
is not absolutely precise. Condensation 
was not found to take place at constant 
pressure and constant total heat, but a 
sharp rise in pressure of almost 1 lb. per 
sq. in. occurred soon after the Wilson line 
was crossed (see Rig, 184). 

Condensation was never found to occur 
until the throat was passed, and therefore 
the pressure rise did not influence the mass 
discharged. This may he confirmed fi:om 
the HoHier diagram where, commencing 
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M itli &tcam initially diy and saturated, and regarding the flow as supersaturated, 
tlie wetness at the thioat is less than that shown by the Wilson line. 

As would appear natiual, the drying effect of friction on the steam is to prolong 
supeisaturated flow, but, after the peak piessuie is passed at B, the flow continues 
in theimal equihbiium (see Fig. 186). 

The process of supersaturated expansion as revealed by Binnie and 
Woods’ experiments. 

Binnie and Woods illustrated their theory of supersaturated flow by Figs. 
185 and 186. 







i A 
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1 On the pv diagram represents the expansion in thermal equilibrium 

I allowmg for friction. From to the steam is wet. 

, The supersaturated expansion Ime diverged from 1 8^^ at S, up to the point 
I A, where condensation commenced. Condensation was attended by a pressure 
* rise and contraction in volume up to point B. From B the expansion continued 
j m theimal equihbrium, the friction loss from 5 to 3 being about 20 % of the heat 
! diop BS. The exponent n for this portion of the expansion is considerably less 
I than 1*3 

On the Mollier diagram the expansion to the throat is isentropic, beyond the 
throat the friction loss is considered as a constant proportion of the subsequent 
heat drop, and if thermal equilibrium obtains this moves the isentropic state 
point from Sg to 3]. 

To allow for supersaturated conditions the expansion AB is almost isentropic, 
entailing an increase in total heat at the expense of a reduction in velocity. 
Fmally, the expansion J5 to 3 takes place in thermal equilibrium. It should be 
noted that high degrees of superheat shorten the length .53. 

Supersaturated flow in a turbine.* 

Although supersaturation occurs in turbine nozzles, yet there is little evidence 
of it in the stages themselves, and a turbine in which the effect of snpersaturation 
is ignored evidently behaves as well as one for which allowance is made foi 
supersaturation. This is probably due to the fact tiiat, whilst supersaturation 
reduces the heat drop, it at the same time reduces wetness and causes the volume 
to contract, thereby causing a considerable reduction on the terminal loss at the 
turbine exhaust, since this loss depends upon the square of the specific volume. 

The slightly increased reheat with supersaturated flow will also have an in- 
fluence, but it is more than probable that the empirical coefficients employed 
in the design of turbines automatically allow for the total effect of the various 
influences. 
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EXAMPLES ON SUPERSATURATION 

1, What evidence is there that steam may be supersaturated after rapid adiabatic 
expansion « Discuss the possibility of this state continuing in a turbme that is supplied 
with superheated steam. 


2. Limit of supersaturation. (B.Sc. 1921.} 

Explain what is meant by the supersaturated expansion of steam, and give some idea 
of the limits within which the condition is possible. Steam is expanded from 60 lb. per 
sq. in, absolute and 170® C. to a pressure of 20 lb. per sq. in. absolute. If the expansion 
is supersaturated, and occurs with a friction loss of 5 %, determme the actual and 
isentropic drops and degree of undereoohng. 

For supersaturated state you may use the approximate Callendar equation: 


V = 2*2436 


(^-464) 

P 


i 


JL 


constant, — constant. 


Take specific heat as 0*52. Specific volume at 60 Ib. per sq. in. absolute and 
179® C. = 7*686 cu. ft. Ans. 46, 48 o.H.tr. ; - 38® C. 


(B.Sc. 1926.) 

3, Prove that in the case of a fluid undergoing isentropic expansion in a nozzle in 
accordance with the equation := constant the discharge per unit area of cross-section 
at the throat is given by the expression 

1 

2 


/j_v 


--1 




where jpi and are the initial pressure and volume respectively. 

What values would you select for ti when the steam expands in such a way that 
< (1) it ,is in thermal eqr^brium at each stage during expansion and (2) it remains dry 

and becomes supersaturated? 

! , 4. Supersaturated fiowv ' , , (B.Sc. 1936,) 

Steam expands through 'a nozzle under supersaturated adiabatic conditions, from 
, an initial pressure of 120 lb: per ^q. in. and tempemture 220® 0, to a final pressure of 
, / 40 ibi per jpa. Determine the final condition Of the steam, and the exit velocity. > 

‘ , O^pare the flow through the above nozisle mth one in which the' expaij^ion 

— Lv.' '1 'j. ' mt. _ 


I _ t ^ a* l, .1 , .1 .n'- ' j i. it* 
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6. Heat drop and degree of undercooling for supersaturated flow of steam. ' 

Describe, with the aid of sketches, how the metastable adiabatic expansion of steam 
is represented on and Hcf) diagrams. 

Steam at a pressure of 100 lb. per sq. in. superheated 20° C. expands adiabatioally 
in a nozzle to 30 lb. per sq. in, without any water separating out. Calculate the loss 
of available energy and the range of supercooling which occurs as a result of super- 
saturation. 

F = r 2-2436 !. ? 3 ^)1-0-00212, -4; = constant. 

L 5? J r’j- 

Ans. 3*0 47-9° C. 


6. Velocity and area at the throat and exit of a nozzle. 

Assuming supersaturated expansion, and neglecting frictional losses, determine 
the velocity of the steam and the cross-sectional area at the throat of a nozzle when 
60 lb. of steam per min., imtiaily at a pressure of 125 lb. per sq. in. absolute and 200° C., 
flow through a convergent-divergent nozzle. Also calculate the degree of undercooling 
at the throat. 

Assuming a frictional loss of 12 % of the heat drop from the throat, calculate the exit 
area of the nozzle and the velocity of steam issuing from the nozzle if the pressure in 
the stator is 2 lb. per sq. in. 

Am. 1620 f.p.s,, 0*647 per sq. in.; 12*9° C.; 3570 f.p.8., 6*01 per sq. in. 





CHAPTflK XII 


Introduction. 


THE FLOW OF HEAT 


Thp iinport.ince of lieat transmission in engineering cannot be overrated, it is 
eveiy bit as important as the flow of fluids, but, unfortunately, many more 
variables*- are involved and it is impossible to sepaiate and treat them one at a 
time. 

In the majority of cases that arise in engineering practice, heat flows from some 
medium through a solid retaining wall into some other medium. To effect this 
transmission of heat a temperature difference (T^ - T<^ is essential, as is also an 
area A through which the heat can flow. It would also appear that the thicker 
the material x in the direction of the flow of heat, the smaller the amount trans- 
mitted for a given temperature difference. 

These observations may be formulated thus: 


Heat transmitted per second ^E- 


X 


( 1 ) 


The constant h is the Thermal conductivity of the material, and is the 
quantity of heat passing between opposite faces of a unit cube in unit time when 
unit temperature difference is maintained across the faces. 

It should be observed that the temperatures at the surfaces 

of the metal itself, and these may be very different from the fluid temperature. 

In the case of i.c. engines it is not uncomiuon to have a gas temperature of 
2000** 0. above a piston which may be melted at 600*^ C, 

It is the oxide or scale film on the metal, or the inert film of fluid, which is 
responsible for by far the greatest resistance to the flow of heat. 




A 
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Fig. 187. 


For an elementary thickness da? of the plate equation (1) becomes 


R A 



dT 




siaoe dTjdx is in itself negative, 
a ^ondpjser tube involves nine vasiableB. 
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B.T.TJ. 


In the Biitish system k has the dimensions ' ^ — ^ jj, , and for insulators 
like cork k = 0-02, and for copper, one of the best conductors of heat, 1 . 


Conduction through flat plates. 

By the Kinetic Theory, the conduction of heat through a flat plate may be 
explained in the following way. 

The molecules of the high-temperature fluid move far more rapidly than those 
of the low-temperature fluid, and therefore the face AB of the plate in Fig. 187 
is subjected to a more violent bombardment than is the face CD. 

An elementary theory explains that this bombardment is transmitted through 
the plate to the cold fluid in much the same way as a shunting engine transmits 
its momentum to a line of trucks. Actually the exact mechanism is not thoroughly 
understood, but it must be similar to the mechanism of conducting a current of 
electricity, since the laws of heat flow and electricity are similar. 


Ex. Brick wall. 

Calculate the heat loss through a 9 in. brick wall per sq. ft. of surface if the tem- 
perature dflference across the faces is 200° F. and the coefficient of conductivity is 0*4 

B.TU. 

fb.hr.°F.* 

jgr 107 B.T.ir. per sq. ft. per hr. 

n 

Radial flow through a thick cylinder. 

Numerous cases arise in practice of heat flowing from one fluid to another 
through the walls of a tube, the tempera- 
ture along the tube being regarded as con- 
stant, and greatest at the inside. 

At radius r (Fig. 188) the surface area is 
%7!Yli and by equation (2) 

AT 


H - --h%Tfrl 


dr ‘ 


Separating the variables and integrating 
between the radii and fg, 






dT^ 

jTx 

■27rM(!72-5i). 



* FT 


27iU{Ti-%) 


log.i'A (logji'j-log.ri)’ 


( 3 ) 



3({ j. The Flow of Heat 

VVheiUi / j 2, then ?2 " 

<Jlog,f = ^-log,;-^/-:-. 


Hence foi thin tubes 


if- 


‘1M(T^-T^)i 

dr 


\viiioh is the flow through a flat plate of thickness dr and area 2ml. 

Equation (3) may be used m the expeiiniental determination of h by taking a 
thick-walled tube, inserting thermocouples at radii and rg, and noting the 
temperature drop (^ 1 -/ 2 ) over length I of the pipe when w lb. per sec. of a fluid 
havmg a specific heat 8 are circulated through the pipe, thus: 

, 27rkl(T-Tfi 

Logarithmic mean radius. 

It is sometimes convenient to express radial flow in terms of the same flow of 
heat through an equivalent flat plate of thickness (r 2 ~*'i) for which the eqm- 
valent area is required. 

Equating the flows, 

*•" ^ l^AJTi 

^ogfhK ~ H-h ’ 

9 


A. 


logenlr^ log^AJA{ 


The quantity 




is known as the Logarithmic mean radius. 


Ex. Lagged pipe* 

What is the heat loss per hour from 10 ft. of 1 in. bore steel pipe carrying dry saturated 
steam at 165 lb. per sq. in absolute if it is lagged to a depth of 2 in, with magnesia 

B.T U 

pipe covering for which h - 0*04 g - — f The temperature directly beneath 
the canvas is 90*^ E. 

The outside diameter of the pipe is 1*316 in,, and, for the small heat flow, the tempera- 
ture at the inner surface of the lagging may he assumed equal to that of the steam, viz. 
866'’E. at 165 lb. per sq, in. 

Outer diameter of lagging := 5'315 in. 

Heat flow — ~ ® 


log, 


5*316 

L316 


(BSo. 1938.) 

Ex, Pedve tan first principles an expression for the heat flowing by conduction from 
tafiar to th^ outer surface of a long thick-walled cylindrical shell. 

' 5 JP fl in* «»tTOal diapeteur oarried Steam at 300“^ C. and is covered by lagging 1*0 in. 

of 0*03 per sq. ft, per hr, per ® 0. per foot 
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tliiekness. If the temperature of the exposed suiiace is observed to be 50*^ 0., estimate 
the rate of heat loss per foot length ot pipe. 




27rx 003(300 -50) 


=* 163*7 0 a xj. per hr. pei ft. 


Radial flow through a thick sphere. 

Using the same notation as for the cyhnder, 

H = -kiTTr^-j- , H — — — ink dT, 

dr Jr. Ji. 

(1^-lW’ {r,-h) * 

Conduction through several bodies placed in parallel. 

With conductors in parallel each may be considered independently of the others, 
the total heat flow H being the sum of the individual heat flows. 




where resistance — xJhJ^A^, 1, 2, 3, etc. It is this resistance that requires 
the temperature difference to produce umt flow of heat in unit time. In this 
respect it is equivalent to electrical lesistance B- EjOt i.e. the e.m s’, per unit 
current. 

Conductors placed in series. 

In practice we are more usually concerned with the flow of heat through several 
conductors placed in series than through a single clean plate, since surface deposits 
may be regarded as additional conductors, placed in series. 

K, in the first instance, we assume that there is no loss of thermal potential at 
the contact surfaces, then the temperature gradients will be as shown in Fig. 189, 
and by equation (1), p, 362, 


E « kiAi 




k^A^’ 




a?i - " iPa 

In this equation the areas have been given different values to make it of general 
application. In the case of a curved surface the contact areas are continuous, yet 
differ in area: 
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Adding these equations together, 


TJ 


'^hA, k,A 


^3 -^ 3-1 


= 2i' 


T,. 


B 


%-T, 


r,-n 


kyAi 


4" 


k^A, 


■+ 


iBg -^1 "h ^2 "i" 




and 


are the indi-vidual 



Fig. 189. 


where R^, 
resistances. 

Imperfections in surface contact due to 
scale, surface roughness, air pockets, etc. iJ 
cause an abrupt drop in temperature at 
each surface, and, as a rule, this absorbs 
far more thermal potential than do the materials themselves. 

Because of this, instead of attemptmg to obtain the separate conductivities 
of the materials and their contact films it is customary to measure the resistance 
R of the combination taken as a whole, and to express this as the Overall 
thermal resistance to heat transmission. 

Most industrial investigations on the flow of heat have been directed to 
obtaining this Overall coefficient. For original investigations the individual 
resistances are sometimes required. 


E?:. Insulated jfurnace wall. 

A furnace wall is made up of 9 in. of firebrick, 3 in. of insulating brick, 3 J in. of red 
brick. The temperature at the inner surface of the wall is 1500° F. and at the outer surface 
150° F., and the average conductivities of the three types of brick are 0*7, 0-07 and 0-6 
respectively. 

Heglecting the resistance of the joints, calculate the temperature at the mterfaces 
between the different kinds of bricks. 
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Mean temperature difference for a tubular evaporator or condenser. 


When a fluid A (see Fig. 190) is passed through a tube with the object of 
evaporating or condensing another fluid B at constant temperature the 
fluid A will lose or gain heat during its passage through the tube, and therefore 
the temperature difference which promotes heat flow will vary along 

the tube. 



da; heat units per hour, 
M 


(1) 


where M is the overall resistance to heat flow per unit length of tube when is 
measured at the axis of the tube. 

The heat flow dH wiU raise the temperature of fluid A by an amount 
when a mass w lb., of specific heat 5, circulates per hour; 


wsdh - 


B 


( 2 ) 


Integratinig (2), 


J, 




= -1= f - p- 


X 


.(3) 


' nieaA ^temperature difference is th^t temperature difference 

aloi^ the' length I of the tube, 'vrill produce the 
V^ame icaW does the variable teniperaW Armiceithu^'by (3) . 
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H = 


1 - 


L - 

j UbR 
it 


it ~t ) 

H pioduced by mean temperatuie = 


Jl 


]■ 


(i) 

( 5 ) 

.( 6 ) 


Equating (A) and (o), 

wsF . . 

~~ vB ^Ail 

wsR ~ 

To eliminate -y- and e from (6), make use of equation (3), thus* 
Jb 

When X- L,t. = i so that 


log 


By (7) and (8) in (6), 




= e 


L 

haR 




log, 


( 1 ^‘) 


wsR' 




.( 7 ) 

.( 8 ) 


i^Ao tj[i) 


log. 


h"~lAo. 


( 9 ) 


For design work this equation is more convenient when expressed in the form 


i,e. 




fe ?4!.) fe“ ho) 





d^-do 


2*31ogioW* 


where 6^ is the mean temperature difference, 

0^ is the temperature difference at inlet, 
is the temperature difference at outlet. 


..( 10 ) 


( 11 ) 


Equation (11) was first deduced by Grashof and is widely employed in the 
design of heat exchangers, although, strictly speaking, it only gives the correct 
mean when the assumptions made in its derivation are satisfied. In condensers 
and evaporators, where some of the tubes are submerged, or when air is present, 
cannot be constant, and yet the equation has been successfully applied by 
engineers, and the experimental constants involved in heat flow computations 
have been h^ed pn the logarithmio mean temperature. This mean gives a lower 
rate of heat tnsmsmlarion than is actually realised in practice, and therefore 
heaiea:^, Wgned oh this basis, will transmit more heat than calculations would 
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For steam condensers is the difference between the tempera tmes of the 
incoming steam and the outgoing cooling water, and is the temperature 
difference between the steam and the incoming cooling water. 

Obviously the equation does not depend upon the direction in which the fluid 
Eows or upon the number of parses, smce these are only mtroduoed to make the 
condenser or heater more compact. On placing the conseoutive passes end to end 
we have hut one long tube. 

The equation can he applied to cross -flowf heaters since, over each tube, 
the temperature is sensibly constant, but vanes from tube to tube, so that each 
tube should be made the subject of a separate calculation. 

Ex. A surface condenser of the two-flow type has coolmg water entering at 60° F and 
leaving at 75° F. The temperature of the steam entering the condenser is 83“ F. and the 
temperature of the condensate is 78° F. Find the logarithmic mean tempeiature 
difference, and compare this with the arithmetic mean. 




(78^ 60)-(83 - 75) 



12-5° F. 


^ (78-60)-f(83-76) 

■” n 


13° F. 


i Parallel flow in plate or tubular heaters. 

In many forms of compact heat exchangers the fluids are conveyed in double 
pipes— one fluid flowing on the outside of the pipe which carries the other fluid, 

, aud in the most efficient form, with the object of obtaining a fairly constant 
temperature difference across the division, the fluids flow in opposite directions, 
giving rise to counter -flow heat exchangers, j. 

To obtain an expression giving the temperature at any point in a parallel-flow 
or counter flow heat exchanger, and hence the rate of heat transmission, the 
following assumptions are usually made: 

(a) The heat flow is proportional to the temperature difference over the tubes. 

(b) The velocity of fluid flow is invariable. 

(o) The specific heats of the fluids are constant. 

(d) There is no longitudinal flow of heat. 

: The analysis is further simplified by considering everything positive. 

1 * Bach time a fluid traverses the length of a heat exchanger it h said to have made a p^, 
t ha cross-flow heat exchangers the two fluids move normal to each other, for e.g. in- a 
iQotor oar radiator the cooling air moves normal to the water. 

I I Trevethaok used a oontra4ow exhaust feed heater. 


*4 
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H = 

it —t ) 

H produced by mean temperature = — — L. 

Equating and (5), 

To eHminate ^ and from (6), make use of equation (3), thus: 


•( 4 ) 

.(5) 

.( 6 ) 


When X- = so that 




== e 


L 

'wsB 




By (7) and (S) in (6), 








mB* 




i^Ao ^Ai) 


loge 


h'~l'Ao. 


■P) 

.( 8 ) 

.(9) 


For design work this equation is more convenient when expressed in the form 

.VB'^Uo) 




Aim 


(iO) 


i.e. 


j9 ^ 

2.31ogioW* 


.,( 11 ) 


where 0^ is the mean temperature difference, 

, ' ‘ , is the temperature difference at inlet, . 

. 5*^ is the temperature difference at outlet. v ■ 

' Equation (11) was first deduced by Clrashof and is widdy employed in the 
' desi^ of heat exchangers, althddg^stdotly speaking, it onijr gives the correct ’ , 
- , mikh ^hen the assmhptipns made in its deration are satisfied. In pondenfeers - - 

■/ pyajtoratcrSj'^^fbe^d sosnp of 'tl^itib'es ajrp suhSmejrged, orVhen' ak ispj:keht,,^ •, 

V- hhs Meii siiocCsafiiliv anfilieiihf, 
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for steam condensers 6^ is the difference between the temperatures of the 
incoming steam and the outgoing cooling water, and 6^ is the temperature 
difference between the steam and the incoming cooling water. 

Obviously the equation does not depend upon the direction in which the fluid 
flows or upon the number oi passes since these are only introduced to make the 
condenser or heater more compact. On placing the consecutive passes end to end 
we have but one long tube 

The equation can be applied to cross -flowt heaters since, over each tube, 
the temperature is sensibly constant, but varies from tube to tube, so that each 
tube should be made the subject of a separate calculation. 


Ex. A surface condenser of the two-flow type has cooling water entering at 60° F. and 
leaving at 75° f . The temperature of the steam entering the condenser is 83° F. and the 
temperature of the condensate is 78° F. Find the logarithmic mean temperature 
difference, and compare this with the arithmetic mean. 




91 /78 - 60\ 
■31ogio^g3_75j 


f) _ (78 - 60)+(88 - 7e) .. 


Parallel flow in plate or tubular heaters. 


In many forms of compact heat exchangers the fluids are conveyed in double 
pipes — one fluid flowing on the outside of the pipe which carries the other fluid, 
and in the most efficient form, with the object of obtaining a fairly constant 
temperature difference across the division, the fluids flow in opposite directions, 
giving rise to counter-flow heat exchangers.^ 

To obtain an expression giving the temperature at any point in a parallel-flow 
or counter flow heat exchanger, and hence the rate of heat transmission, the 
following assumptions are usually made: 


, ““ (a) Tbe heat flow is proportional to the temperature difference over the tubes. 

; , (6), The velocity of fluid flow is invariable, ' 

(c) Tlie.speciflc heats of the fluids are constant; 

There' is uojongitttdhml flow. ^ 

f Tjhe ahaly is .farther ^plffied by odhsidering everything positjye. . ^ , 

% 'e.g.ih»'a 

g,TObto|:cari:adiaioir.theho6lmg;iiar^ffipy^hetoalto '' / “ 

®“\S^5Wv4th^k used e-coutr^fluV exhaust '^6^^ ' ' i"' , 

si’?-? *"■’*1 1 Sj ' A," ^ ' 7’ # t ^ I ' S ' 1 I ' ' '' ’ 1 ' I > 



370 The Flow of Heat 

Let diul iijij be lespcctively the masses of cold and hot fluids flowing in A 
and B pci unit time, 

Sj^ and be the respective specific heats of fluids in A and B, 
and tjjt be the lespective inlet tempeiatuies, 
and be the outlet temperatures, 

A be the surtace area up to any point x, 

Afj be the suiface area up to the outlet, 

I{ be the overall coefiSiciettt of heat transfer between the fluids 



Fig. 191. 


In traversing the elementary area dA the hot fluid will lose heat to the cold 
fluid, with the result that the temperature of the hot fluid will decrease by an 
amount d^, whilst that of the cold fluid will increase by an amount dtj^. 

Per umt time the heat transfer is 


= K(tg'-’tj)dA, ( 1 ) 

The first two terms in (1 ) may be integrated over the length 0 to aj for which the 
terminal temperatures, in the case of parallel flow, are and ^ respec- 

rts rtj. 
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^hihi “ ^b) = ‘^A ~ hi ) : 


fiom which 


h - hi^- 


WjS 
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(2) 

(3) 


4*14 


Equating the first and last terms in (1) and substituting from (3) foi we have 
-Wj^8^dt^ = 


h~hi 


^A^A 


fei ” ^b)J 



'B 


^A^A 


‘^A^A'^^B^S 


ht+ 


t^A^A 






. hz + j '^A^Ai^Bt h^) ^ 

+ WjgSjg + ^B% 


— h%‘ 


By (3) and (4), 
h - (41 + 

^4 = ^4^ + 


'^A^A(hi’^h%) 




1-e 


f 1 I t V 

Vtt4i>4 WjW 












1-e j 


^^^4 + %% L 


l-e 


+— y 

^ W«i W/jV 


..(41 


...(5) 


Total rate of heat flow in parallel flow pipes. 

By equation (1) the heat flow through an elementary area dA is given by 

dH « ^%-y d^i. 

Substituting from (4) and (5) in this equation gives 


dH^K 


/ 

f TTjf ^ I ^ -\] 



«>aW 

X ^ 

>^s^+a>8%}/ 



dAf 


!t-8 
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fill r If t \f ^ , j 

(/;/ = dA 

__L\ 


, H 


ik-tu) 


} I 

-+■ 




(^) 


Logaiithmic mean temperature difference. 

Tlie mean temperatuie diffeience when multiplied by KA 

u ill give the same rate of heat flow as that given by equation (6), may be obtain* 
fiom equations (4), (5) and (6), thus 

When A is given the value A^, in (4) becomes and tj m (5) becomes tj 
and subtiactmg , ^ j v 

» i I, f 

vBo ~Uo) — fei 


vi;o”W 

By (7) and (8) m (G), 

Heat flow per unit time 


KA. 


1 ^ 1 




(V 

( 8 ) 


(f —/ \ v 4 ^ (fp, ti^)KAQ 




L (i 

^Bo'~Uo) 


2 ho ~~ ho 


.(9) 



This equation is similar to equation (10), p 368, the mean temperature diffe 
ence bemg expressed in terms of the temperatuie difference at inlet and outlet 

Counter«flow heater. 

The temperatures and rate of heat transfer m a counter-flow heater may 1 
obtained from the expressions for parallel flow heaters by reversmg the sign 
one mass flow w (since this is a vector quantity) and mterohangmg the inlet ai 
outlet temperatures of one fluid— the section at which one fluid enters bemg tl 
outlet for the other 

Replacing m the previous equation by and interchanging and ( 
we haw , 


*8-^ + 




1-e 


■"(i 








/I Ml 

If^ A I wn* 


l^e 


( 10 ) 

... . ( 11 ) 
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111 the design of heateis the inlet tenipeiatures of both fluids aie usually kno’w ii, 
as lb also tlie lequiied outlet temperatuie, but, because of the difhoulty of staA mg 
long tubes against vibiation, it is not always possible to effect the lequned heat 
exchange by a single pass of two concentiic tubes hence the outlet tempeiatuies 
per tube of both fluids are usually unknown In this case equations (10) and (11) 
f inTOlvmg as they do are not suitable for evaluating tj and 



Fig 192 


To ehminate fiom equations (10) and (11), take the limiting case v hen A 
becomes Aq, becomes t^o becomes 
By (11), 
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ihi - (ji) 1 “ 
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1 1 

^b''B 


}■ 


U iS 


1 ^J'ii) 

1 — =— 


By (13) m (10), 

= ki-('fhi~hi) 
By (12) and (13) m (11), 

Tke temperature difference at x i& 

fe“'y = {y~y) 








1-e 


■ 




^Ah 


.^JJ: L) 


J L> 

1 — « "■' 6 
. ^aSj 


1 

* 6 

.JL'n 

«ii’»i/ 



/I 

1 \ 

, WsSs 

1 “ "q 

'»>au) 

Va 



The rate of heat flow H for the complete tube is given by 


( 12 ) 


(13) 


(U) 


(15) 


\WsS£ UjihiJ 


f 7-1 PI 








•KA. 


1-e 


/J 

\wsaB'~ wj, ^a) 


/ 1 1 ^ 

'^A^I 


.. . (16) 


The logarithmic meaji temperature difference is 


m'^Mo 
%o‘^^Ai 


.( 11 ) 


1 > 
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Ex. Counter-flow cooler. 


A pre-cooler on an NEj rofiigeralor i, of the doeble-pipo type, liquid NH^ is cu- 
odated tough the aumilar space between 2 and 1’ m. pipes, whdbt watei passes 

thiough the inside pipe in the opposite direction to NH ^ 

a J^Tlof r‘ “d of ’the nalei oS”!- , and the bent 

double pipe 18 10 f *°“g-detei mine the heat flow inn tit per In rftheUqmdseueuUte 

at 6 f p s oveiall coetacient of heat transfer K 1( = 


B T IT 


Take 


« , j. £> SQ ft pci hr pel F 

specific heats of ammonia and water as unity Density ol hquid NH,. 37 7 lb poicu It. 

lor standaid !> m pipe,, in<,einal diamote, = 1 38 in , 

_ _ external diametoi = 1 66 in » 

Foi standaid 2 m pipes, mtemal diameter = 2 067 in. 

Internal area of 2 m pipe = 3 35 y, 

External area of 1^ m pipe = 2 16 
Annular aiea for flow = 

Internal area of IJ m. pipe = 1 495 

Maas flow of NH, = ^‘19 x 6 x 3600 


144 


X 37 7 =6730 lb per hr. 


Mas, flow of water « 1,62 6 = 14 , 0001 b per hi, 

Outside area of pipe = ^ ^ ^ 

By equation (16), p. 374, 

1 mo \ 

’V 14,000/ 


H=: 6730(76^56) 


300x 135 


1-e 


b730 


A^on iOO A 4 b730 

. 1 - . 673r” r ii.oftoJ 

L 14,000® 


6730x20 




1 

^0 1007 


1~ 


048 

isO 100? 


= 23,000 B.T XT. per hr. 


t 


Counter-flow and parallel-flow heat exchangers. 

Compare the surface areas required in the cases of parallel-flow and counter- 
flow heat exchangers, where the product of the mass flow and the specific heat is 
the same for both fluids, and the exchangers must exchange the same amount 
of heat for the same inlet temperatures. Take K common to both. 

With equation (6), p. 372, reduces to 


2 


moAi i 




•w 
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Ktiiialioii ( 16 ), j> fof couiitci-flow becomes indeterminate To evaluate 

tills, kl 


Then 


1 1 _ /I l_ \ +x 

h i ' + ^)/ ^b^b{ Wjt , % + *c) 

. ^ /J L_\ __ 

. g _ p 1 } 


Ej^pandiug the ox])oiiential on the right-hand side, and neglecting poweit, 

KA^x 

of a gieater than 1, we have 1 ; — : 

Hence, by (1 6), 


H — ^B^B(^Bi~tji) 


KA'x 




WjfSj, 


KAnX 


L {WbSb+^)\ 

FAqX 

, , X L KA'oX Y 


.-. H 


hi) 


1 + 


ka: 


Equating (1) and (2) above, for the same heat exchange, 

2Ko -do 




l_g M'ifSfi 


'^B^B(hi~ih) 
Wb^b 


1 + 


EA' 


2RoAo 


= 1 


1 + 


« log 

Wb^b 


• >4 — 

* * •“<> "“ 2J;' 


WbSb 

FA, 

2 


1 + 


WqSb 

FA', 


L ^FA', Y 
\ FA, + Wb^bI 


Batdo of surfeboe areas required = e® i— ; — ■ 

43.^ / J| 

\ FAq + Wb^b, 


( 2 ) 
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Heat transmission from a surface to a fluid which flows with streamline 
motion. 

Wlieii a fluid flows very slowly over the surface of a sohd the layei jn iinmiediale 
contact with the solid is stationary, and therefore heat flow thiough the layei 
must be effected purely by conduction, and the equation 

p 362, should apply, Ic being the theimal conductivity and x the thickness of tlic 
fluid him. In practice the thickness x is difficult to measure and is not constant 
but depends upon the viscosity and velocity of the flmd. For convenience, 
therefore, the ratio (lit) is replaced by a single variable Jt, which is known as the 
Film coefficient, the dimensions of which are B.T.n./sq. ft. ° F. hour. 

With a small velocity and small rate of heat flow (so that convection is almost 
absent, and the physical properties of the fluid are sensibly constant) the pro- 
blem of heat flow from a surface into a fluid may be attacked mathematically. 

For a straight pipe of length L conveying w lb. of fluid per hour of specific heat 
Vp and coefficient of conductivity direct analysis shows that the rate of heat 
flow involves the dimensionless ratio wO^^IJcL^ which is known as the Graetz No. 

Now although the consideration of the transmission of heat to a fluid moving 
with streamline motion is mainly of academic interest (since in practice stream- 
line motion is difficult to maintain, and the rate of heat transmission is very small), 
yet the mathematical analysis discloses the significance of the dimensionless 
ratio, which, in occurring in the special limiting case, must surely also occur in 
the general equation of heat flow. 


Value of dimensionless ratios. 

The advantage of working with dimensionless ratios is that each ratio is 
independent of the system of units employed. So long as these are self-consistent 
the value of the ratio is the same, so we have an international language. By 
speaking in terms of this language it is possible to trace characteristic curves 
which demonstrate not only the performance of the apparatus from which they 
were obtained, but of any geometrically similar apparatus which may he sub- 
stituted for this. Hence the performance of full scale apparatus may be predicted 
from experiments on models, the range of application of any set of data may be 
very much widened. Experiments may be ma de on liquids to predict the behaviour 
of gases, and observational errors are easily detected by such a plot. 

Further, a curve which is to represent the complete relation between the 
quantities involved should have the same dimensions for ordinate as for abscissa, 
so that the function is virtually plotted against itself.* 


hD r 

* To justify experimentally the general equation s= » P’ 379, it is 

usual to plot loga as abscissa and ordinate, If a straight line results 

hD I fG iJDQy^ 

the equation is justified, since this implies that ■j'/ ^ * 
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In lit it 1] in^it 1 jnoblejiiR contusion nuy be avoided by regaidmg heat and 
tuiipcifitme sc])intc diineiisioiis vhich aie ]ust as fundamental as those of 
mass, Icmth and time 

hpocifit he it u otlen leleiied to as a dimensionless ratio, but since the specific 
heal o1 viiei m terms ol whnh other specific heats aie expressed, has the 
fl e 1 1 

dimensions — - , it follows that the specific heats of othei substances 

M isstempeiature 

must ha\ 6 this dimension also 

The ti ansmission of heat from a surface to a fluid moving with turbulent 
motion (forced convection) 

In the majoiity of cases of heat transfer which occui m mdustrial practice, 
heat is transferred from, or to, a fluid which flows as a whole m a pipe &om a 
second fluid which flows as a v hole either parallel to or normal to the axis of the 
pipe, the flow m general bemg turbulent 



Fig 193. 


In the steady state all the heat lost by the warmer fluid is received by the 
colder fluid, and in the heat transfer a number of thermal resistances, that are 
placed m senes, have to he overcome (see Fig 193). 

Under service conditions tubes will carry, on both inner and outer surfaces, 
a deposit of scale to which adheres a layer of stationary fluid The effect of scale 
of course may be estimated by running a test on the heat exchanger before, and 
after, cleaning 

Beyond the fluid layer is a buffer layer, which separates the laminar film 
frpm m moTOg mth turbulent motion 

The mechanical mixmg created by turbulence of course considerably increases 
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fclie rftto of heat tiansnfii&sion, since molecules of the moving fluid aio continually 
brought into contact with the stationary film 
Through the metal wall, the scale deposit and the stationary film, heat trans- 
mission IS effected purely by conduction, beyond this the swiiling molecules 
remove the heat mainly by convection 
Even with smooth clean suifaces the film coefficient /?, fiom the boundary 
surface into the fluid, is a very complex function of many vaiiables, and although 
it vanes widely foi ditfeient fluids, yet the thoimal lesi&tance imposed by the 
fluid film is invariably much greater than that of the separating metal, so that 
m estimatmg the surface aica reqmred to liansmit a defimte quantity of heat the 
resistance of the plate itself is often ignored 
It IS evident that Forced convection of heat will depend mainly upon the 
degree of turbulence, for which Eeynolds’ number FD/f" is a measuie 
V IS the average velocity of the flmd, D is the diameter of the pipe, and 'f' Ihe 
kinematic viscosity = /t/p, where /i is the coefficient of viscosity and p the density, 

VD ^ VpD ^ OP 

fi /{ * 

where 0 is the weight-velocity (Fp) m pounds per hour per squaxe foot of cross- 
sectional area perpendicular to F. 

To allow for conduction, Prandtl introduced the dimensionless ratio in 
place of wQJhL, which was derived for streamhne flow (p 377) 

The eddies'** created by a fluid on entermg a pipe also inciease the rate of heat 
transmission locally, and this is allowed foi by intioducing the ratio 
With LjD = 20, the film rate may be mcreased by 15 % compared with the value 
for LjD = 00 , with turbulent flow the eflect of LID is negligible when its value 
exceeds 50, and for stieamlme 180 

On combining the Reynolds number, the Prandtl number, and the latio 
LfD, the dimensionless product 


results, wheie n-^, and n j aie indices to be determmed by experiment To obtam 
a relation between this product and the film coefficient k the film coefficient must 
be multiphed by a quantity so as to produce a dimensionless ratio The most 
convement quantity is Djkt whence 


hD 

k 




. ( 1 ) 


where a is a constant to be determined by experiment. 


* Some makea of condenaors to be employed on refrigerators fit ferrules oarryiog saw 
toeth at the entrance of the tubes to give turbulence to the circulating water 
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W. ]{. Mc-Adains, in lii« excellent book Heat Transmission (McGraw Hill 
Book Co.), gives the following values (p. l69): 

a = 0*024, % = 0*8, n^ - 0*4. 

E. W. Still, in his paper “Some factors affecting the design of heat transfer 
apparatus”, Proc. Inst. Meek Eryg, 1936, gives the values 

a ~ 0*0255, % = 0*8, = 0*4, = 0*05. 

Equation (1) gives very good correlation for turbulent flow of water, oil and 
gases when Reynolds’ number exceeds 6000. As a first approximation the 
physical properties of the fluid may be evaluated at the average temperature 
of the fluid. In the Prandtl number, however, which concerns conduction, they 
should be taken at plate temperature, and usually this is unknown. 


Overall coefficient oi heat transfer U per tube.”' 

The film coefficient A, given by equation (1), applies only to the transmission 
of heat from a surface into a fluid, and, although h represents the major resistance, 
when a plate receives radiated heat and transmits it to a fluid, yet by far the^ 
greater number of commercial heat exchangers transmit heat from a fluid to a 
fluid through a boundary surface or plate. Two film coefficients are therefore 
involved in addition to the coefficients which represent the resistance of the plate 
and scale, or corrosion deposits on its surface. 

Eor resistances placed in series it was shown on p. 366 that the heat flow was 
given by the equation 

I 

iciAi ^^A^ 



The film coefficient h is the equivalent of xfh, and, if we regard and as 
the average temperatures of the fluid, since these temperatures are the most 
easily measured temperatures, then 


H^{T^-T^)UA^ 


1 1 ’ 

— 1 — ^ 

kfAi h^A^ ^^A^ 
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Overall coefficient of heat transfer U per heater. 

In a composite heater the performance of a single tube is of secondary import- 
ance compared with the heat transmitted by the whole of the tubes. An overall 
coefficient of heat transfer is therefore employed which is defined as the quantity 
of heat flowing per umt time per unit area of transfer surface, per unit overall 
difference in temperature between the hot and cold fluids. 

Ex. Obtain the overall coefficient of heat transfer for a condenser tube J in. outside 
diameter, in. thick, if h for steam side, allowing for scale, is 1000 per sq. ft. of outer 
surface, h for water side = 1400, h - 65. 


1 




UAq h^Ai hA' 


Per foot of tube A — nd, whence 


I d 2xd, I f 2xAx8xf 
U hg \di ^d^+doi 1000 1400xf ^ 65x 12x 11 ’ 

B.T.TT. 


17 = 514 


hr. per ° F. per sq. ft. of outer surface * 


Ex. Using the value of U obtained above, calculate the surface area required to 
condense 163,000 lb. of steam per hr. if 1000 b.t.u. have to be removed from each 
pound of steam. 

Temperature of cooling water at inlet = 50° F., at outlet 67° F.; vacuum 29 in.; 
condensate 70° F. 

Temperature corresponding to 1 in, absolute pressure = 80° F. 

From equation (10), p. 368, 

,, . . (70-50) -(80-67) 

Mean temperature difference = ^ ” lo*3 F. 

log.(j 

Heat flow 


1^80 - 67j 
= 16*3 X 5144 = 163,000 x 1000. 
/. A = 1^,430 sq. ft. 


Ex. Air heater. 

; -In a conira-flow air heater ^00 Ih. of air per hr. flow through a 2 in. bore pipe, the 
svirface temperature of which may be taken as 500° F. The air entering is at; 60° F. 
and sufficient surface must be provided for it to leave at 300° F. Determine the film 
coefficient for the air. , - ; > 

, Since the plate temperature is given, the physical constants in the Ffandtl number 
inayrbe evaluated from published outves.*,' . ' / 

■ ■i;=0'013,,-C. = 0-S4. • • 


^ ' V ' ' r ,'130 ^ ' . 




,ii 4 1-1 
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To obtain Reyiiolflb number the <iveiage air temperature should be considered. 

( 500 - 60 ) -{ 500 - 300 ) 

Logarithmic mean temperature difference / ' "Jaa 305° F. 


log, 


500-60 

500-300 


IJenee a\eiagc an icmpeiatuio = 500—305 = 195° F. 

Referring to <mrves, // = 0*05, 

0 = = 13,750 lb. per sq. ft. of pipe area per hr., 


Trim 


// 0-05 12 




,*. The film coefficient h-0 024:X 0-078 x 1-08 x 5400 = 10-92. 


Ex. Calculate the length of 2 in. bore, 2-38 in. outside diameter, steel pipe for which 
ifc - 35 required to heat 13,500 lb, of straw oil from 80° to 200° F., if the pipe is heated 
externally by dry saturated steam which is condensed at 225° F. Film coefficient 
for steam side - 2100. Employ the logarithmic mean temperature difference and take 
the physical constants at (225°— logarithmic temperature difference) mean values, 
Cj , « 0-47, specific gravity = 0-85, h = 0*078, 

Logarithmic temperature difference « . - 68-4° F. 

^'®'\226-20o) 


Temperature at which to determine the physical constants (226 - 68*4) = 156-6° F. 

ilo 

Referring’'’ this temperature to a curve connecting /t and t gives li - 15*0 r — ^ - 

Xwt 


Area of pipe 


TT X 2® TT 


Msm flow per sq. ft. of pipe area — 0 = 


13,600 

Trim’ 


^ = 1M00^4 = 6880. 

TTXld 12 


By equation (1), p, 379 


0-47x16 
k 0*078 


«90*4, 



I y g 

g;^|^ = 0*024(6880)o»(904)oS 
h « 0-01122 X 1170 X 6*16 «= 80*8. 


* McAdams, B&ai Tnmsfrmswn. 
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Outride area of pipe pei It length = --^ 0 — = 0’623, 

idU 


Inside area of pipe per ft. length = 


77X2-0 


12 


= 0-524. 


1 r, 
•+ 


By equation p. 380, — = 

For a circular pipe, if U is baaed on the internal surface, the above equation reduces to 


1 1 
D~h,'^ 


.(dfi 1 1 ^1+ do \ 

HdJ 2d, ) 


1 


,+ 


+: 


0-38 


80-8 ‘ 2100x2-38 35 X2-14’ 


■i = 0-0179, D 


66- 


Equating the two expressions for heat flow gives 


77X2 


13,500 X 0-47(200 -80) = 68-4 x 55-9 x~xL 


12 


Z = i^^ = 380ft. 
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j EXAMPLES 

f 1. Heat flow. (B.Sc. 1939.) 

Three layers of material of uniform thicknesses di, d^, d^ and thermal conductivities 
hp & 3 , respectively, are placed in good contact. Deduce from first principles an 
expression for the heat flow through the composite slab per umt surface area, in terms 
of the overall temperature difference across the slab. 

A furnace wall consists of 9 in. of firebrick and 4-6 in. of insulating brick having 
thermal conductivities of 0-4 and 0*15 a.H.TJ. per sq. ft. per ft, per hr. per degree 0. 
respectively. Calculate the rate of heat loss per sq. ft. when the temperature difference 
between inner and outer surfaces is 600° C. 

T — r 

Ans. M « ' Df jvy ; TT r ; 

dilk^-¥dzlkz-\>djk^’ 

I 2. Insulated steam pipe. 

A steam pipe 4 in. bore, 4J in. is insulated with a 3 in. layer of asbestos covering 

for which k « 0-1. Estimate the heat loss in B.t.ti. per hx. per 100 ft. of pipe, if the tem- 
perature at the inside of the covering is 360° E. and at the outside 100° E. 

Ans. 18,530. 


& 
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3. Air heater. 

For process work 20,000 lb. of air are heated from 60° to 220° F. per hr. by a single 
pass nmltitubular heater in which steam is condensed at 240° F . around the 2 in. bore 
tubes. If 6* ~ 10,000, determme the length and number of tubes required. 

Ans. 18-6 ft.; 92. 

4. Parallel and counter -flow heater. 

In a liquid to liquid heat exchanger a fluid A enters at 400° F. and leaves at 200° F. 
Flmd B enters at 100° F. and leaves at 150° F. Assuming the overall coefficient of heat 
transfer constant, determine the logarithmic mean temperature differences for parallel 
and counter-flow. Ans. 139‘4, 164. 

5. Steam condenser. 

The surface condenser of a small steam engine consists of 75 brass tubes ^ in. o.n., 
3 ft. 2 in. long; and on trial 414 lb. of steam were condensed per hr. per 12,800 lb. of 
, circulating water, which entered at 45° F. and left at 74° F. The temperature of the 
exhaust steam was 135*5° F., and that of the condensate 119° F. Determine the overall 
coefficient of heat transfefl Comment on the result. 

E T.tr. * 

Ans. 114 — • This value is small, so that the condenser is either 
sq.ft, per hr., per °F. 

fouled or too large for the duty. 

6. Steam condenser. 

An old rule for estimating the surface area required by a condenser for a reciprocating 
steam engine is to allow 2 sq. ft. of tube surface per i.h.p, developed. If the tubes are 
0*05 in. thick, compare the thermal resistance of the metal with the total resistance 
across, the tube. k-Q6. Ans. 1:11*3. 

7. Experimental condenser. 

An experimental condenser consists of an outer well-insulated tube 2 in. bore and 
6 ft. long, concentric with which is a brass tube } in. o.d., 18 s.w.o. thick. Determme 
, the rate at which dry saturated steam will be condensed if the water velocity is 10 f.p.s. 
Steam pressure, 50 lb. , per sq, in. absolute; water temperature 16° C. Ans, 206^5 Ib./hr. 


,'8.' Copper, ftrehox. ' 

. The cpndtictivit;^ of copper is 21 6„ that of steel 20; yet in practice a locomotive boiler,, • - 
^ %lth a copper Srebox, transmits only about 7 % more heat than a similar boiler having - 
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STEAM CONDENSERS 

In the early part of the seventeenth century the few engineers* who existed were 
mainly engaged in making water suction pumps, and to their astonishment they 
found that, try as they might, the water could not be lifted more than 28 ft. The 
reason for this was explained by Torricelli, who started many others investigating 
the properties and applications of partial vacuums. Otto von Guericke con- 
structed a piston machine which would raise over a ton, by using a hand pump for 
exhausting the cylinder. 

It was in 1690 that Papin conceived the idea of using the condensible properties 
of steam for creating a vacuum beneath a piston which was rendered air tight 
by a film of water carried on top of the piston—a method employed even at the 
present time. Papin was also aware of the possibilities of a high-pressure engine, 
but at that time the art of boiler making was not understood, so that the danger 
of an explosion was ever present in spite of the use of Papin’s safety valve. 
For many subsequent years therefore the use of a vacuum was depended on 
rather than increased pressure for the development of mechanical work. 

Thomas Newcomen of Dartmouth in 1712 originated the atmospheric engine 
using a vacuum from which all other reciprocating steam engines have been 
developed. 

In Newcomen’s engine (see Fig* 194) the cylinder was charged with steam 
obtained from a copper brewing pan, and into this water was sprayed so as to 
cause immediate condensation, and thereby produce a partial vacuum, thus 
allowing atmospheric pressure to raise the pump rods. 

The condensed steam and injection water gravitated down an eduction pipe, 
the outlet from which was turned upward and covered by a flap valve which in 
turn was surrounded with water so as to seal it against air leakage. With only 
this provision the engine made but a few strokes before coming to rest through 
“wind logging” of the cylinder by air released from the steam eind injection 
water. 

As most of this air would collect in the induction pipe, on the down stroke of 
the piston, it only required the fitting of a’ non-return or “snifting” valve to 
. allow this, air to escape, oh the atoissiop of steam.. , 

' Neweohxen was therefore' the fi.rst to introduce the jet condenser and automatic 
1^0 ^ air,pphip, although it was Watt jsyhq'separj^ted these organs from the pylander^> 
^;i//apdlater'Use44pi^ntype’6f 

’ V ^ Wi'Diokhisphl 'A BhM i^'ireffisifey-PresS. ■ ■ 

' t^'Dioldi^oh of; thd: septate 

hppriye&hyf A- ’ therhial' ' 

of it ohjealfetafe'.' ' '* 


« 5 ,', 


i 
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f T ' Types of rinodem Jet condensers, ' 

’ ' : „ ; The|:e are Wp' types of modern jet condensers, the Low level and the Hig 
_.Jevei,fr‘]^aroiaetrio^type, ^ ' 

(lij^XdW-^level; Jet c6n4eiiser. '.in' this hondehser (Fig,, 19p) the vacuur 


vacuur 
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Since the boiler feed and injection water are intimately mixed in the hot well, 
it is obvious that jet condensers should only be employed on small power plants 
where a supply of cheap pure water is available. 

Further, since it is desirable to return the feed to the boiler as hot as possible, 
only sufficient water should be supplied to drop the temperature of the condensate 
to the saturation temperature corresponding to the desired vacuum. 


/Air Pump Suction 






Trays to Break — ; 
UP the Sprays i 




Exhaust - 
Steam Inlet n 





Injection 
Water Sprays 


k— C ondenser 
Shell 


m 


^ Boiler Feed 


Extraction 

Pump 




Overflow , =” 




Cooling^PoTTp 




, ^ Fig, 19$. Low-level Jet condenser. 

fce capa-city“of the air pump is reduced by taking the air pump suction from 
tlie ifnld^st part of the condenser. In the contra-flow type (see heat flow, p. 369) 
% st^cajp is d[iyected upwards against the descending of water so that the 
of the air fk most effective.,' ' 
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heat removed per ga 
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Surface condenser. 

If a sufficient quantity of circulating water is available, and initial cost is not 
of prime importance, the surface condenser has an important advantage over jet 
and ejector types in that the cooling water and condensate are kept separate, so 
that the condensate is directly available as an ideal boiler feed. 

In the most elementary form of condenser (Kg. 198) a large number of ^ in. 
0 . 0 . tubes connect two tube plates which are perforated to receive them. The tube 
plates are sandwiched between water boxes and the condenser shell which 
receives the steam. One of the water boxes carries a division which causes the 
circulating water to make two passes of the condenser tubes before being dis- 
charged. 


Cooling 



, The steam enters at the top of the condenser, and in traversing the bank of 
tubes it is condensed, the resulting water and air associated with the steam being 
extracted from the bottom of the condenser where the temperature is lowest, 
so that the work of the air pump is reduced. 

To maintain a Constant velocity of steam across the tubes,'*' and also — to a 
certain extent— ^-to prevent undercooling of. the condensate, the cross-section of 
many modem eondensers resembles that of al pear, whilst in the Westinghouse 
h^;®QJidbnser' (see p. 497), 'the shell ie circular and the air is extracted from the 
centre. ^ i' . V / , ; ' j ' < 

Eyapor«fctive‘cdndeix«er.r ^ 

I' , ;'Wyn{|jfatefltexpen^Wihe^qua^^ condense the steam may be 

tji^-^oirciiktin^ 'wafer to eYa]pbtate;iinder a, small partial 
m '[ bf wHiqh Fig.^ is an etoentary 
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example, hci\e been desis^ned These eoiidenseis consist of sheets of gilled piping 
^UlKh ife belli backxiaids and foiwaids and placed in a vertical plane so that a 
descending s[)i ay of water foiins a thin film over the pipes as it drips from one to 
the othei A natiiial oi foiced an cuirent causes lapid evapoiation of this film 



with the result that the steam circulating through the inside of the pipes is con- 
densed Frequently louvre boards are provided to shield the condenser fiom the 
direct rays of the sun, and prevent spiay bemg carried away, and yet these boards 
should interfere as little as possible with the circulation of air. 

On account of the nuisance which would lesult from the production of clouds 
of steam m a populated area, this type of 
condenser is restricted to small powers. The 
heat capacity of the gilled pipes enables the 
condenser to take heavy overloads for short 
periods withoutsenouslyaffectmgthevacuum. 

Edwards’ air pump. 

The feature of the Edwards’ air pump is 
the absence of inaccessible foot and bucket 
valves. This is effected by fittmg a conical 
end (6) to the piston (4) {Fig. 200) and pierc- 
ing the base of the liner (3) with ports (6) 
which communicate with the air-pump suc- 
tion pipe down which the condensate gravi- 
tates. On the down stroke of the piston, a 
partial vacuum is produced above it, since the 
head valves are closed and sealed by water. 

Immediately the piston uncovers ports (6), 
air and water vapour rush into the space 
above the piston; fijrther motion of the piston causing its conical end to displace 
the condensate rapidly through the ports. The rising piston traps the water, 
air and steam above the piston, and raises the pressure to slightly over that of 
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the atmosphere until head valve's (1) open and allow the water vapour an an to 
pass to waste, and the condensate to gravitate to the hot well over the wen* (8) 
vfrhich retains sufficient water above covei (2) to seal the valves against air leakage 

A watei -sealed relief valve (9) is placed m the base of the cylmder to release the 
pressure should it, Eoi any leason, exceed atmospheiio piessure. 

High-capacity air pumps. 

Inertia foices impose a strict limit on the speed of reciprocating air puin])S, 
and they become very bulky for large poweis or for high vacua, for this reason, 
rotary an pumps and steam air electors have been invented ' Piof. Mauiice 
Leblanc invented a rotary type which is fairly widely used and lesembles one 
stage of a radial flow steam turbme 

The revolving vanes project thm films of water, at a velocity of about 130 f p s., 
down a collecting cone in which these films act as pistons, the air being entrained 
between successive sheets of w^ater. 

Although the pump is charged with water, it is intended to handle only an, 
the water and air being discharged through a diverging cone which raises its 
pressure to shghtly greater than atmospheno. The water and air pass on to a 
slightly elevated tank in which the water is cooled prior to its return to the pump. 

Vacuum corrected to 30 in. barometer. 

The vacuum in a condenser is usually expressed in inches of mercury, and 
represents the height at which a column 
of mercury, the upper surface of which is 
m communication with the condenser (see 
Fig. 201), will stand when supported by 
the prevailing barometric pressure. The 
vacuum depends upon the barometric 
pressure as well as upon the absolute 
pressure in the condenser, so that if the 
absolute pressure in the condenser is re- 
quired we must read both the vacuum, 
gauge and the barometer and subtract one 
from the other. This is all that is usually re- 
quired in computations, but practical engi- 
neers are more familiarwith vacuum than 
with absolute pressures, so for comparative 
purposes and reference to steam tables, the 
vacuum is usually referred to a standard Fig. 201. 

30 in. barometer, whence 

Corrected vacuum (in in. of mercury) § 

^ 30 -Absolute pressure in condenser (in in. of mercury) 

ss 30 -(Barometric height -Vacuum). 

* See p. 498, steam turbmes. 
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; Ex. Vacuum corrected to 30 in. barometer. 

A vacuum of 27 in. was obtained with the barometer registering 29 2 in., and the 
condensate at 70° E. Correct the vacuum to a standard barometer of 30 m., and hence 
determine the partial pressure of the air and steam present, and also the weight of air 
associated with 1 lb. of steam. 

If the barometric pressure is raised to 30 in. without any change in absolute pressui'e 
in the condenser, then the mercury will rise to 27 + (30 - 29*2), i e. the corrected vacuum 
will be 27-8 in. 

At 70° F. the pressure of dry saturated steam is 0*739 in. of mercury and the specific 
volume == 871 cu. ft. per lb. 

Total absolute pressure in the condenser = (30-27*8) = 2-200 in. 

Partial pressure of steam — 0*739 

Partial pressure 'of air = 1*461 in. , 

By Dalton’s law the volume of air present per lb. of steam will be 871 cu ft, at 70° P., 
and since for air pv — wRT, then, taking B as 53*2 in Fahrenheit units: 

. ... r . 1*461 X 14*7x144 x 871 

Weight of air present per lb. of steam w » 30x53.2 (4604.70) “ 

Vacuum efficiency. 

The purpose of an air pump on condensers is to remove air from the condenser 
so that the total pressure in the condenser may approach the partial pressure of 
the steam corresponding to the condensate temperature. 

In a perfect condenser undercooling of the condensate, after condensation has 
been effected, should be absent, as should a pressure drop across the condenser 
tubes; so it is reasonable to regard the vacuum eificiency of the pump and con- 
denser as the ratio 

Yacuum produced at steam inlet to the condenser 

’ Barometric pressure - Absolute pressure of steam corresponding 

to the exhaust temperature 

Ex. Steam enters a condenser at 85° F., and, with the, barometer standing at 29*3 in., 
a vacuum of 27*5 in. was produced. Deterinine the vacuum efificienoy for these conditions. 

' , ^ ^ Absolute pressure, oorrespon^g to 86*‘E], = 1*209 in. Hg. 

. ^ Yacuum efficiency = %• 

' ^ ' ' ' 

' hi*' * V * * « ' ^ ’ 

' The factors which affect this .efficiency are, given in the oondbneer trial, p. 39'9, , 

* ; I ^ t ( 1| 1 ‘ j k / ( ' ( 1 ^ t ' j 

, Y^cuu^tt mass of per, cubic foot of condenser volume,' state of ■ 
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barometer 30*05 in.; weight of cooling water 10,020 lb. per hr ; inlet temperature 
16*82° C., outlet temperature 30*9° C.; weight of condensate 2598 lb. per hr. Find 

[а] The weight of air present per cu. ft. of condenser volume. 

(б) The state of the steam entering the condenser, 

(c) The vacuum efficiency. 

Barometric pressure = 30*05 

Vacuum = 27*6 

Absolute pressure in condenser = 2*45 in. Hg 

Partial pressure of steam at 34-9° C = 1 655 
Partial pressure of air = 0*795 in. Hg 

Butp« = wRT. 

Weight of air per eu. ft. of condenser volume 
14-7x144 

Heat entering the condenser per hour relative to 0°C. with the steam pressure 
2*45 m. Hg 

- 2598[42*064-572a;]+ 10,020 x 16*82. 

(In steam) (In cooling water) 

Heat leaving condenser per hour relative to 0° C. 

=s 2598 x 29*7 4- 10,020 x 30*9 +Vapourheatinair pump discharge + Radiation. 

Equating the heat entering to the heat leaving, and neglecting the small correction 
for the vapour and radiation loss 




If the examiner had given 100,200 lb. of cooling water per hour the result would have 
been more reasonable and ss = 0 * 928 . 

Vaouum offioienoy = = 97-3 %, 


Coefficient of performance (c.o.p.) or efficiency of a surface condenser. 


The efficiency' of a condenser cannot be defined as the ratio 

meaning of output and input, in this case, is obscure. To formulate some 
standard of reference we must oonsMer the purpose of a condenser, thus : An ^deal 
condenser should only remove the latent heat of the steam. There should he no 
, undercooling of the, condensate.* jFurther, this condensation should be effected 


KfeiS’’ V’ " 


4l^s,th8^ bpi^dcjatsatc is botmd to be^mdercpolad. in the regeacrativc ccadenser 

to f^%duph steam sqppHed 
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b;v a niminium quantity of cooling ■water.* To satKfy this condition the 
outlet teuipciatuio of the cooling water should, theoretically, be equal to the 
satin ation teinpeiatuie of the steam corresponding to the vacuum required 

Tn an actual condenser a ceitaiii amount of undercoolmg is necessary to main- 
tain the vacuum If tlioiefore the temperature of the condensate is and the 
miet tempeiaturc of the cooling water and we take the specific heat of water 
as unity, 

The weight of cuculatiug water required per lb. of steam condensed 

_ xL+t,-t, 

h-h ■ 

ill equation (1) the values of xL, and are fixed by the vacuum requiied and 
the source of the cooling water, and, for (1) to be a minimum, and must be as 
large as jiossible. Fuither, since xL is beyond the control of the condenser, this 
term may be omitted With this modification, the value of the ratio is small, 
and since the performance of a machine is not usually considered high when 
the number expressing it is small, the ratio is inverted, giving 


C.O.P. 


h-fc' 


( 2 ) 


In an ideal condenser whence the o.o p, would become infinite. Now 
although refrigerating engineers have no objection to the use of an infinite c o p,, 
yet condensing engineers prefer one of the order 1 to 1*2, and therefore they add 
10 to the denominator of (2), giving 


o.o.p. 




(3) 


where the temperatures are measured in degrees F. 


Ex, In the trial of a small condenser the coolmg water entered at 45® F. and left at 
75® F, The vacuum produced was 24*5 in. with the barometer at 29*2 and the condensate 
leaving at 118'6®F. Determme the O.O.P., and comment on the value: 

Absolute pressure in exhaust = (29*2 -24-5) = 4*7 m. 

If we ignore the partial pressure of the air in the exhaust pipe, then temperature of 
the steam = 131*6° F, 

75-^45 

’■^131*6-118*6+10 “ * 

This value is rather high, the more usual value being in the region of 1 to 1*2. 

♦ Obvitmsly the higher the outlet tempesrature of the cooling water the smaller the 
temperature head across the first hank of tubes and therefore the greater the surface area 
required for condensation, A balance must therefore he struck between pumping costs and 
mfeal cosjt. 
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Ex. Air-pump capacity. 

A suifaco condenser is to condense 50,000 lb. of steam per hr , and to maintain a 
vacuum of 28 in. with a condensate tempciature of 80° P and baioineter 30 in. The 
mass of air enteimg the condenser m lb pei hi. is given by the equation 

/Steam condensed in lb. pei hr. \ 

i 2000 

and the volumetric efficiency of the air pump is 80 %. Determine the swept volume oi 
the pump m cu. ft. per mm to remove both the air and condensate 


The dry air to be extracted per hr. = = 28 lb. 

The pressure of dry saturated steam at 80° P. is 1*029 m. Hg and the specific volume 
637 cu. ft. per lb. 


Partial pressure of air 
Specific volume of air 

Air to be removed per min. 

Condensate to be removed per mm. 


(2-1*029) 

30x640 
“0*971x492 

420x28 
“ 60 

60,000x0*016 
60 


= 0 971 m. 

X 12*39 = 420 cu. It. per lb. 
« 196 eu. ft. 

« 13*33 


209*33 cu, ft. 


209*33 


/. Swept volume = — = 261*3 cu. ft. per mm. 


Ex, Air-pump capacity and quantity of circulating water required. 

A steam turbine used 100,000 lb. of steam per hr,, which it exhausts at a dryness of 
0'9 into a condenser fitted with water extraction and air pumps. With the barometer 
at 30 m. the vacuum at the air-pump suction is 28*3 m. and the temperature 32° C, The 
air leakage is estimated at lib. per 10001b. of steam condensed Estimate the net 
capacity of the air pump in cu. ft. per min. and the quantity of cireuldtmg water 
required in gallons per min. if the temperature rise is 15°, 


Total pressure in condenser 1*7 in. Hg 
Partial pressure of steam =* 1*399 
Air pressure ss 0*301 in. Hg 


100,000 


Em fte eijoatioin fv^v>ST, the rolnme of tor to be extraoted pet iniii. 


1-666 X 96 x 305 x 30 
" 144x0'301xM'7 


= 2316cu.ft. 
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Total heat per lb. of steam at 1*7 in. Hg = (354 +0*9 x 577) = 6544 
Sensible heat in condensate = 32*0 


Heat extracted per lb. 
Circulating water per min. 


^ 100,000x5224 
“ 60x10x15 


= 5224 

5810 gallons per mm. 


H.B. The actual quantity would be slightly less than this, since 2316 cu. ft. of steam 
at 32° C. are removed with the air. 

i 

Ex. Condensation in air cooler and capacity of air pump. (B.Sc. 1936.) 

A surface condenser, fitted with separate air and water extraction pumps, has a 
portion of the tubes near the air-pump suction screened off from the steam so that the 
air is cooled below the condensate temperature. The steam condensed per hr. is 5000 lb. 
and the air leakage is 4 lb, per hr. The inlet temperature of the steam is 38° C., the 
temperature at entrance to the air cooler is 37° C. and at the air-pump suction is 31° C. 
The properties of steam at these temperatures may be taken as follows: 


Temperature, °C. 

38 

37 

31 

Vapour pressure, m. Hg 

1-94 

1-84 

1-32 

Specific volume, cu. ft. per lb. 

344 

366 

500 


Assuming a constant vacuum throughout the condenser, find 

{a) The weight of steam condensed in the air cooler per minute. 

(6) The volume of air to he dealt with by the air pump per minute. 


First we must obtain the partial pressure of the air at entrance to the condenser in ^ 
order to caleulatfe the total pressure which is assumed constant throughout the con- 
denser. 

Since the question says that 5000 lb. of steam are condensed per hr., this will be the 
dry saturated portion of the exhaust, and associated with this steam at 38° C. are 4 lb. , 
of air. The wet steam entering thei condenser will exceed 5000 Ih. by the weight of the ' 
suspended water, and the steam removed by the air pump.*The latter weight will be 
small. 

Total volumepf dry steam per^hr. =« 6000 x 3'44 cu. ft. 

By Dalton’s law, the associated air wOl displace an equal volume, whence, from the 
equation pi? =! the partial pressure of the air will be 


r r4.x96(273+38)l , 30 
144 L 5000 x 344 J^147' 


0^000985 in. 
= r’940 


Hg 


Partial pressure of steam at 38° C, 

; ' . . ^dtal pressure in the, condenser - , ^ ^ I *940985 in. 

, Initial pressure of steam at entrance to air coojer =s 1-840 - 
, ' Partial pressure of aff" ^ ' i 
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Mass of steam associated with this air and which is partially condensed in the air 
(!Ooler = || = 0'7621b. 

Partial pressure at air-pump suction = (1-940985- 1*32) = 0-620985 in. 

Volume of air to be dealt with per mm. by air pump 

0-000985x6000x344 304 , 

0'620985 x 60 x 311 -44-4 cm. ft, 

44-4 

Weight of steam associated with this air = ^ = 0-0889. 

500 

Weight of steam condensed in air cooler per min. = (0-762 -0-0889) = 0-6731 lb. 


Ex. Air entering a condenser. 

The temperature at the steam inlet to a condenser was 122° P. and that in the air- 
pump suction 95° F. With the barometer at 30 in. the vacuum was 26-2 in. of Hg. 
Obtain the weight of air entering the condenser per lb. of exhaust steam if the heat 
rejected to the cooling water wag 710 b.t.xt. per lb. of steam. 

Barometric pressure = 30 in. Hg 

Vacuum ~ 26-2 

Absolute pressure in condenser = 3-8 
Partial pressure of steam at 122° F. « 3-635 
Partial pressure of air « 0-165 


Heat removed per lb, of steam entering the condenser, neglecting the air, 

= (122-95-farx 1023) =710 B.T.n. a; = 0-666. 

Specific volume of dry steam at 122° F. = 192*8; actual volume, neglecting the water 
is suspension, = 0-666 x 192-8 = 128*8 cu. ft. per lb. 

Specific volume of air at 0-166 in. Hg and 122° F. 

TO on 29-92 582 adka a ii. 

~ 12-39 X X = 2654 cu. ft. per Ib, 

0*165 492 r 

Weight of air associated with 1 lb. of steam entering the condenser 


128^8 


, . , ' ' 2664 

V Ex* Air leakage into a condenser. 


= 0*0486 lb. 


(B.Sc. 1924.) 


: In the condensing plant* of a steam turbine the fplloTring observations were made 
I‘ ' ibefore and after a leakage of ^ir into the exhaust, pipe wm stopped: 


1 * ,n 


, ■'- ■' ' ' . ’ ^BefOre " Aftier 

Ve,bhum, inches of ' , '28*06 28*81 
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Estimate, from these data, the reduction 

in air leakage in lb. per hr. effected by the 

repair. 

Before 

After 

Vacuum corrected to 30 in. barometer = 27-96 

28-71 in. 

Total absolute pressure 

= 2-04 

1-290 

Partial pressure of steam 

= 0-609 

0-933 

Partial pressure of air 

= 1-431 

0-357 in. 

Specific volume of air before stoppage = 

96 X (273 + 18) 
1-431x0 491x144 

= 276 cu. ft. per lb. 


Specific volume of air after stoppage = Q. 357 ^^ 5 7 49 ^ ^"^ 4 4 - 1 132 cu. ft. per lb. 


Specific volume of steam at 18® C. = 1044 cu. ft. per lb. 

Specific volume of steam at 25° 0. — 698 cu. ft. per lb. 

Mass of steam associated with, each lb. of air: 


Before stoppage 
After stoppage 


276 

1044 

1132 

698 


0- 264 lb. 

1- 624 lb. 


Specific volume of condensate at 18° 0. = 0-01603 cu. ft, per lb. 

Specific volume of condensate at 25° C. - 0-01607 cu. ft. per lb. 

Let tv be the weight of air removed in lb. per hr., then, if the air pump handles both 
water and air, 

w X 276+ (6500-40 X 0-264) x 0-01603 ~ 92-5 x 60; 


whence weight of air removed in lb. per hr. before the leak was 
stopped = 19-72 lb. 

After stoppage to x 1 132 + (6200 - to x 1-624) 0-01607 =5 42-6 x 60 
whence weight of air removed in lb. per hr. after stoppage = 2-165 
Eeduction in air leakage = 17-555 lb. per hr. 


^CoiMienser trial. 

(1) Preliminary, When testing condensers we are dealing, at the steam inlet, 
with stpaU partial air pressures, and unless the vacuum gauge and all the thermo- 
meters used iu the trial are very accurate, the results of the test may be very 
misleading and erratic. Moreover, the bulbs of , the 'thermometers should he 
dirfectlj^ e^^osed to the fluid; the temperature of which is to be measured. In the 
' extraction Jipe^one , thermometer' sLould be employed for 'the air^ and one for ' 
. the, water. 
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tubes i in* bore, 1 in. pitch. Gauges and thermometers were placed in the positions 
indicated in Fig. 202 and the quantity of circulating water was controlled by a 
yalve. 

The 6 in. bore, 6 in. stroke Edward’s air pump was driven by a variable speed 
D.c. motor, and, to vary the temperature of the condensate handled by this pump, 
a live steam connection was fitted in the base of the condenser. 



Procedure during the tests. 


Since a steam condenser should produce the required vacuum, when receiving 
steam at the full economical load on the engine, it is obvious that the condenser 
trial should be run for this condition, as a reduction in load will improve the 
performance of the condenser. 

; With the engine running at its designed load and speed the variables connected 

with the condenser were altered in the following order: 

' . (1) Air-pump speed. 


(2) Circulating water^outlet temperature. 

(3) Air leakage iiito the condenser. 

{£) Cbndhnsat^ temperature. 


; Test No, 1 ; The effect of pump speed was directly observable on the vacuum 
produced, andthe amperes cohsumedby*tHe motor, so, .as^a check pn the precision 
, iSidth ’fhich ihe trial w^s' being epuducted, these quantities were plotted on'a base 

.J li^ter.the 'drived teves/Wbte ’alSpplot^don^thisease (see Fig. 203), and, as 
I, r', ^dxpecfedithey^oumfi'em^^^ speed, but the volumetric 

;t:^t;mbiAyas/r&dbdi ^ • ' ■' ' ■' 

4 ^1*- 1 ^ ' II ] ■• I !■ I I 1 , ' " , , I “ ’ ,1 ' ' , I 
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Test No, 2 . It would appear that for this condenser some relation should exist 
between the outlet temperature of the cooling water and the teinperatui'e of the 
condensate; so these quantities, together with the motor current and the pres- 
sure to circulate the water, were plotted, during the trial, on a base of outlet 
temperature. The derived curves are shown in Fig. 204, from which it will be 
seen that the o.o.p. increases dii'ectly with the outlet temiDerature (see equation 
(3), p. 394). 

Since the condenser is not of the regenerative type, the air-pump side of the 
plant is not influenced by the outlet temperature of the cooling water. For this 
and subsequent trials the air-pump speed was maintained constant at 176 r.p.m., 
since, at higher speeds, there was a danger of the cut out operating on the motor. 
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base of vacuum. Further, since a film of air reduces the overall heat conductivity 
of a tube, the condensate temperature should rise with a reduction in vacuum 
since less heat is removed by the cmoulating water. 

The vacuum efficiency increases to a maximum, and then declines, owing to 
insufficient capacity of theair pump. The progressive increase in exhaust tempera- 
ture with a reduction in vacuum is mainly responsible for the change in the c.o.p. 



Test No ^ 4 . ,Ttie condensate temperature was altered by turning on live steam 
^ ^ ^ ’ if tptbebakeoftjie-conden^er. In a way Ibis was uhdesirable,'aa it altered the mass 



T^antity 
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densate temperature to check the observation during the trial. Later the deriv;ed 
curves should be plotted on the same base (see Fig. 206). 

From the expression for C.O.P., an increase in condensate temperature pro> 
duces an increase in c.o.p., and this is verified experimentally. As would be 
expected, the hot condensate reduces the vacuum efficiency of the air pump. 


EXAMPLES OX CONDENSEES 

1. Injection water for jet condenser. 

Determine the weight of injection water per lb. of steam condensed if the exhaust 
steam is at 2 lb. per sq. in. and has a dryness of 0*9, and the temperature of the inj ection 
water at inlet is 20° C. Allow 5° C. of undercooling. Am. lS*9lb. 

2. Air pump for jet condenser. 

Determine the capacity of an air pump in cu. ft. per min . for a barometric j et condenser 
which IS to condense 8500 lb. of steam per hr. when supplied with 650,000 lb. of water 
per hr. which contains 6 % by volume of dissolved air at 16° C. The air in the exhaust 
steam amounts to 5 lb. per 10,000 lb. of steam, and, with the barometer at 30 in., and 
the volumetric efficiency of 80 %, the am pump must mamtain a vacuum of 26*5 in. 
when the extraction pump suction is 35° C. Aws. 210 cu. ft. per min. 

3. Vacuum correction to 30 in,, air pressure in condenser, etc. 

The vacuum in a condenser is 28-9 in., the barometer standing at 30-2 in. The tem- 
perature, measured at a given point inside the condenser, is 81*9° F. If the pressure of 
saturated steam at this temperature is 0-540 lb. per sq. in., what is the pressure of the 
air in the condenser at this point? (1 in. of mercury = 0*491 Ih. per sq. in.) 

^ If 0*082 lb. of air enter the condenser per sec., and it is cooled to 78° F. on its way to 
the extraction pump, find the volume of air to he extracted per sec., given the equation 
•pv = 53*2!?. 

Describe, with the aid of sketches, some form of air extractor suitable for dealing with 
large volumes of air. , Am. 0*098; 100 cusec. 


4. Swept volume of air pump. 

An air pump is to give a 26 in. vacuum with a discharge temperature of 45° C. Batio 
air/steam by weight in the exhaust is 0*066. Assuming no leakage, slip or clearance, find 
the volpme sw’^ept by the pump per unit volume of water discharged. Barometer 30 in. ; 
density of air =* 0*08 lb, per cu, ft. at 

Ans,, allowing for steam removed by air pump, 1638 cu, ft. 


5. Gapaci^ of dry air pump and circulating pump. (ArMJ.M.El. 1937.) 

Describe briefiy,. with ,the aid of a sketch, any one type of condenser ah' pump. 

A surface condenser maintains a vacnum of 28*4 in,, of mercury, barometer, 30*2, and 
;deak'^th7001b.'of steam permin, wfich, on' entering, -ia 0*87 dry.'Theair leakageinto ' 
^ %e; sysfceip’ is tixe rate of 0'’4 lb. |)er 1000 lb. pi steam. The condensate temperature 
, bj86|^F,s(30® 6,)„v The oirculatilgig Water' undergoes a rise of 36* F.’ (20°'G,), Determine 
^ib©^w&igbts 'pe^;'n^ to^be de^lt with; respectively, by the dry air pump afid t^e (^- 
.\,cul^tihg ptiniplr;Th.ke!gae oqn^tahiffjiriah as ^6 ft. Ib^i'ppr ° G, " ^ ' > ' ' ' - 



jO( hham ('ondeme^s 

6 . I ubp V 1 oss-sectiunaJ m ea and sui face area, power ot circulatinj> pump. 

(AMTAIE 193S) 

Dcsuibc the utl ut sketches the mam fciimes of a two flow &iiiface 

i(mdtns( j 

\ coJidcusei of tins Ujk munt-iins a \aiuiim ot 27 S m ot meLcury, baiometti 
jO I m , when dealing with 45 000 lb of steam pei in , enteiino 10% wet The con 
(leiifaxtf tcmpeiatuieisOO^F (32 2 C ) The iiseintompeiatuieoithociiculatm^watci 
IS l-h'^r (25'^ ) and the jnessiue head leqmied to force the water thion^h the con 

dense i mid piping is 25 tt Deter nimc the flov\ aica leqniicd foi a w atci speed ot 220 tt 
pci mm , the total cooling bUitace necessan tot an aveiage heat ti ansmission latf of 
13,500 BTU (7500 Giiu ) pei sq ft pci hi ami the ciicidatmg pump power if the 
efficiency is 65 % Ans 1 145 &q ft , 3150 sq ft , IS 4 h p 

(BSc) 

7. The tempeiatme of the steam enteims a smface condenser is 50° C and the tem- 
jreratuie of the air pump suction is 45° C The baiometei leading is 29 8 m of meicury 
Find 

(a) The condenser vacuum 

{b) The vapour pressuie and the air piessure near to the an -pump suction 

If the effective capacity of the an pump, on suction stroke, is 300 cu ft per min , 
find the weight of air enteimg the condensei pei mm , and the weight of steam earned 
over per mm in the an disehaiged fiom the air pump Assume that for air pv %T 

Ans, 26 16 in , negleotmg r p of air , 2 82 and 0 82 m of mercury, 0 671 lb per mm , 
1 227 lb. per mm 


8, Volumetric efficiency of air pump. (BSc 1929») 

Describe bnefij", with sketches, some form of suiface condenser The steam con- 
sumption of a tuibme mstallation is 80,000 lb per hr , the quantity of an leakmg in is 
48 lb. pel hr , and the total swept volume of the air pumps is 550 ou ft pei ram Fmd 
the volumetiic efficiency of the an pump when the temperature m the air-pump suction 
pipe IS 24 5° 0. and the vacuum is 28 5 in , with the baiometei at 30 3 m Take B for 
air as 96. Ans. 65 3 % 


9, State of steam entering the edndenser. Weight of air per cu, ft. of condenser 
volume. (BSc 1931) 

Slate the law of partial pres&ures and show how it apphes to the condenser of a steam 
plant 

The foEow ing observations were made on a condenser plant m which the temperature 
of condensation was measured directly by thermometers The recorded condenser 
vacuum was 28'1 m of mercury and the barometer read 30 2 in Temperature of con- 
densation 33® 0, Temperature of hot weE 27 6“ C. Weight of condensate per hr 3935 lb. 
Weight of cooling water per hr, 126,700 lb. Inlet temperature 8*51° C., outlet tern- 
p^ature 26*24° 0. 

Find the state of the steam entering the condenser and the weight of air present per 
euljio foot of oondtoeiT volume. Ans. 0*978 , 0 0014821b. 
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10 Vacuum efficiency and coefficient of performance. 

Develop lational expiebsions by whicli the ptifoi iinncc of a steam condf iisci and its 
ail pump may be mea&uied Apply these lehults to the case ot a eondtns^i iii u hic h the 
cooling ’water enteis at 55° h’’ ind leaves at 70° F 
Vacmmi in the exhaust pipe = 29 1 in Hg tempeiatuic == 7S°F , condensate tem- 
perature = 70°F , baiomoter 30 1 m Appiovimatelv 1 , 0 S35 

1 1 . The dryness fraction of steam, and steam associated with an in a condenser. 

(BS( 194-0) 

A condensei icceives wet steam at an absolute piessuie of I lb pa sq in The i ite of 
flow of cooling water is 2600 lb pei mm , and the use in iempeiatuie is 1 8° C The w eight 
of dll entenng the condenser is 40 lb per hr , and the condensate dischaige is 5200 lb 
per hi The temperature at the condensate and air extiaction pipes is 36° C Assuming 
a constant pressure of 1 lb per sq m thioughout the condensei, find 
(a) The weight of steam discharged to the atmospheie bj'’ the an pump, in lb per hi 
{&) The dryness of the steam entermg the condenser Am 154 4 lb per hr , 0 9 

12. Show that as the vacuum is increased the required capacity of the aix pump 
mci eases very rapidly as the theoretical maximum vacuum is approached 

13 . Desciibe, with sketches, a modern type of condenser foi producing a high vacuum 

How is undercoolmg and the capacity of the air pump i educed m this type of con- 
denser* Ans See tuihme notes 

(BSc 1933 ) 

14. Describe in detail the various methods used in steam power pkntb to obtam the 
highest possible vacua 

Diftcuss the fdctois which may mfluence the efficiency of a condensme, plant. 

(AMIME 1938 ) 

15. (a) Gi\ e a sketch and description of a surface condensei of a foim suitable to] high 
power and high vacuum Attention should be given to the mam details and the pump , 
connections 

(&) Desciibe carefully, with adequate sketches, a modem type of air jiiimp for a 
large condenser operating at high vacuum Emphasise the special featuies and advan- 
tages of the type chosen. 

(AMI ME 1936.) 

16. Make neat sketches of a steam-condensing plant showing sectional views ol (a) a 
condenser with two watei passes and (6) an Edward’s air pump 

THE DISSIPATION OP HEAT PROM STEAM CONDENSERS 

If a natural supply of water is available from a nver, a mine, or from tho sea, 
it is best to employ this natural source rather than cool the coohng water by 
exposing it to an air stream. 

However, circumstances often arise where the water is unsuitable, or the supply 
very limited, m which case the cooling water must be cooled by spraymg it down 
a tower, through which air cmoulates, or by spraying it directly into the atmosphere 
over the surface of a spray pond. 
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Gooiing towers.* ^ 

In the types illustrated in Figs. 207 and 208 the hot circulating water is pumped 
up to troughs, which are placed at about 30 ft above the ground. 

Nozzles, situated in the bottoms of the troughs, project the water on to spray 
cups, which thin out the jets of water into sheets. These sheets break up under the 
action of gravity and hurdles, which deflect the water towards the outside of 
the tower. 

Most cooling towers are provided with chimneys, the purpose of which is to 
create an upward current of air, although, in restricted places, fans are sometimes 
employed. Fans are also used in the tropics, where the air and water temperatures 
are so little different, that a reversal of air current might occur if natural draught 
were depended on. 

Prior to being returned to the condenser the cooled circulating water collects 
in a pond, over which the cooling tower is built. A pond of ample proportions is a 
valuable asset in that it acts as an efficient regulator between high and low loads 
and permits advantage to he taken of the lower night temperature. 


Kinds of towers. 

There are two main types of towers: 

(1) The rectangular timber tower. 

(2) The ferro-concrete hyperbolic tower. 

Fig. 207 illustrates a form of timber tower which is widely used. The dimensions 
indicated should not he exceeded for the reasons given on the sketch. 

Apart from initial cost, the timber tower is inferior to the concrete tower. The 
following are the main disadvantages of timber towers: 

(1) Life only 12 to 15 years and the maintenance costs are high. 

(2) If some of the shell boards break away, the draught is impaired. 

(3) When a tower is laid up for repms, there is a grave risk of fire. 

(4) The towers offer a considerable obstruction to the wind, and, where a 

battery of towers is employed, the draught to some toweys may be impaired by . 
the pre^ehce of others, • , . , . 


; Hyperbolic towels (fexro-concrete)I ' • 

;■ , ' With a, view to elh^atmg the shearing stresses which exist in cylindrical 
tpw^iBjEiffeJmtrodupedthe.hypefbolic! type, wMehihay be generated by straight 

Tbe employed in itsnonstruotion.. 






Fig. 207. Timber cooling tower. 
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(3) "J ’ll ore are no point loads on the foundations. 

(4) The shape allows better distribution of the air, when a battery of towers 
is employed. 

(5) Wide variation in load is possible, and about 200 gallons of water can be 
cooled per hour, per sq. ft. of surface, compared with 100 gallons in the timber 
type. 

(6) Maintenance costs are much lower than ’with the timber type. 

In tliis type of tower the spray nozzles are fitted in the bottoms of ring troughs 
which are supplied with water by radial troughs. 


Spray cooling ponds. 

The chief points to be studied in dealing with spray cooling ponds are 

(1) The cost. 

(2) The loss of water. 

(3) The effect of varying weather conditions. 

(4) The type of spray, and the pressure difference to produce it. 

Since cooling is effected mainly by evaporation, it is important that a large 
surface of water is exposed. 

The actual operation of cooHng is very complex, | \ | 

particularly when the water is in the form of 
drops, Fh'st heat is transmitted by convection, 
then there is evanoration over the whole surface 
of the drop, and this is so intense that evaporation 
will proceed even when the air is so satoated that ? J 

evaporation will not take place from a plane sur- <:x ^ ' 

, face. On account of this it is important that the | [ ^ 

nozzle should produce a spray rather than a sheet UrJ 

of water. ' ' ' ' ^ N 

'The " Jarway” spray nozzle (Fig. 209) is very ©^Adjustment 

r saf^ctqiy for .this type of ivork, in that the Kg.209. “Jatway” spray nozzle, 
wathr is prajeeted in a thin horizontal sheet which ' 

, uit^iinately’ breaks up into <lrpps. As the sheet is horizontal the loss by windage is 
; smafi/ and the width of the' spiral slot, through which the water is discharged, is 
; adjustable for load and climatic conditions. ‘ ^ 




Adjustment 


BllBLIOGBAFHT.'. ’ 


feed iPrdJW, 
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CHAPTEE XIV 


THE THEORY OF THE STEAM TURBINE 


From the early days of the reciprocating engine many attempts have been 
made to develop power from steam without the necessity of the reciprocating 
mechanism, i.e. a purely rotary engine w^as desired which would operate in a similar 
way to water wheels or windmills, and where a minimum number of parts 
would be in mechanical contact. 

The first rotary engine was made by Hero of Alexandria in a.d. 50, in which a 
hollow ball was mounted between two pivots 
One pivot conveyed steam from a cauldron 
placed beneath the turbine, and the steam 
from the ball passed radially along two con- 
verging tubes that finally discharged it tan- 
gential to the circle in which the nozzle 
revolved. » 

The change of momentum of the steam, as 
it issued from the nozzle, caused a reaction 
on the radial tube, and in that way initiated 
rotation. The modern version of a similar tur- 
bine is “the firework — a Catherine wheel”. 

Because this turbine depends entirely upon 
the reaction of the jet for the development 
of power, it is known as a pure reaction 
turbine. 

In the other type of turbine the steam is 
discharged from a stationary container on to 
a! system of revolving vanes that deflect 4t 
through an angle. The resulting change in momentum involves an impulse on 
the wheel from which the turbine derives its power, and also its name. 

, Ciovanni Branca, in 1629, devised the first Impulse turbine; see Fig, 211. 



Fig. 210. Hero’s turbine. 


’ The principle on which modern turbinea operate. 

’ In most.ihodern turbines steam is allowed to expand in stationary nozzles or 
^ blades, where it acquires, a high velocity. These jets of high-yelocity steam are 
V, ihep., direct on to!a' riilg df blades which are free to revolve. . 

turbine the passages between the blades 
(a Aim W aT rh.+.A nf t,be velncitv of the Steam 
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iFig fill. Braaqa’s turfcme. 
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The change m velocityj whethei one ot diieciiou, ol magnitude oi ot both, 
involves an acceleration, and m ordei to acceleiate a mtiss a foicc is lequiied by 
allowing thib foice to move thiougli a dislance — as in the cisc ol the moving 
blades— woik is done 


Advantages of the turbine over the leciprocating engine. 

(1) Mucli higliei speeds may bo developed, and a fai gicatei speed lange is 
possible than in the case oi the lenpiocatmg engine (see p 23b) 



JFig 212 Compaiison between the work done bv a quadruple expan&iou stoaaa engine 

and a steam turbme 

n* 

(2) Pexfect balance ib theoretically possible 

(3) A tnrbuio is able to convert into useful work the eneigy in the steam up to 
almost the lowest h mt imposed by natuie, viz the coohng water temperatuie, 
and its corresponding vapour piessure 

Pig 212 shows a oompanson between a quadruple expansion engme and a 
turbme The black area lepresents the additional work which the tuibme can 
develop for the same initial steam conditions 

(4) Turbines^ allow an enormous concentiabion of power, and the materials of 


I 
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construction, arc iisGd to their best advantage. In fact, when properly designs 
and constructed, the steam turbine is the most durable prime mover on earth. 

(6) Unlike the reciprocator the steam consumption of the turbine does m 
increase witli years of service. 

Simple “impulse turbine. 

Few mechanisms known to engineers call for such great care in design and co 
struction as the elements of a steam turbine, and it is due to the pioneer work ' 
De Laval, Rateau and Sir Charles Parsons that successful turbines have resulte 





hi" 




By mathematica,! analysis De Laval developed a simple machine (in 188 
which revolved at the phenomenal speed of 30,000 r.p.m. and handled stea 
'moving at about, 2000 m.p.h.* 

Fig. '213 illustrates Be Laval’s turbine, which consists of 
^ (1) I^o^zles in which the ste^m acquires a high velocity, 

; ' {2) Blatog whiich receives the high-velocity steam directed on to it by t 
' npzale^iandtumethe steam through ail angle, ' ; ' ' , 

, (3>) -4 .disc of special shape to suj^pptt the blades, and to T^thatand the inten 
.etresse^ Mdpeed by, the centrifugal pn its qto, material add that of t 

ppritlbh. ‘ot ^taT^ihtjt 

'■'iLj 




Ldv h i"— tfJl ^ Lj?! j 


iJ'f !l^; 'h‘' V jV/ 
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(5) Spherical-seated bearings which allow tiie shaft to flex freely. 

(6) Helical gearing which reduces the high rotational speed of the disc to a 
practical value without undue noise or fnction losses. 

(7) A casing which prevents leakage of steam to the atmosphere and permits 
the nozzle to discharge into a vacuum, thereby increasing the heat di’op and 
reducing friction losses. 

Although the original machine was a triumph for mathematics, it suffered from 
many defects which made it compare unfavourably with reciprocating engines. 
From a user’s standpoint the principal defect was the high steam consuinjition 
due to 


(а) The high velocity with which the steam left the blades, the corresponding 
kinetic energy being wasted. 

(б) Friction and fan loss on the blades due to the use of high steam and blade 
speeds and to few and incorrectly shaped nozzles. < 

Velocity compounding. 

Velocity compounding has for its object the recovery of the residual kinetic 
’ energy in the steam leaving the first set of moving blades. 

Commercially this energy is known as “Carry over 





Fig, 214. ’ ' Fig. 215. Velocity compounding. 


' . To recover this energy a. set of guide blades either redirects the steam back on to 
■/jthe tat row of moving blades, , as shown in Fig, 214, or (^eots it forward on to a 
.^pdnd and possiWy a thirdset of moving blades? B&e Fig, 215. This gives rise to 
‘ ' wiatAte tooTO-as two tbree row, ‘-or ,twp or three bucket wheels.* 

p .yj ;^rpiipl©bpplte|wbeels,;^^ Gurtia (1,897) and are the oharac- 

steam 

itmimjpbrtant consideration in-slow^speed 
yf'v, ‘I’’,', *•, ,) " 

aj;r^'The1dea of*veloe% oompennding Ph a' single bucket wheel' suggested in 1863, 
v4‘;, Frof..^,, Stwen^ tP make a practical turbine employing it in 1 8p3; . ^ 

^ 'c'k >' ' " . j ‘ ' . , ' , 

Ir^ J" J 'I ^ i f ' I ■‘jj.' # ' ♦ I I } 
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turbines— especially of ilie marine type— where the great difference in density 
between low-pressure steam and sea water involves a large difference of speed 
between the turbine and the propeller. 

The additional advantages of velocity compounding are that the length of the 
turbine is shortened and therefore the wliirling speed of the shaft is raised. The 
diameter of the turbine is also reduced. 

By restricting the high pressure and high temperature steam to the nozzle 
box it often happens that only this component need be of cast steel, the rest of 
the casing may be made of cast iron. 





, '^euoccrv Ratio = sfvl 

Fig. 216. 

The reduced stage pressure (see pp. 337 and 415) reduces gland and diaphragm 
leakage losses (sbe p, 430) and also the fidctioa losses on the blades and discs, 
tJnfortunately the rapid diminution in the velocity of the steam over successive 
rows of blades (see velocity diagram, Fig. 222) makes the successive rows of blades' 
far less effec’dve.thah the first row; and the tortuous path of the steam introduces 
heavy Inction losses. Tf^ net result is.that the efiiciency of multi*bueket wheels 
Moohsidepbly less thanof single-^buoket^yite^s (see Fig. 216) and on this account 
ia|dti^huo]^a^;yrheela a|b;^mpldyedpilly ‘^'the'’^ of turbineSj/mnce thh 

vrteels . qhh;fddaiE^ ' some/.pf tlie lost t ener^; 3h, other 
ipurups^^ etol^^ 'cortsideratiphs ^ 




w! il is |«'jj i'®'s ISm l^^isrfl'3 

SsMSiSII, 

' PI 


’■ ' ' '' .I'l 
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Stage with partial reaction. 

Experience shows that improved efficiency, in consequence of the reduced 
velocity of the steam, may be obtained by allowing a certain proportion of the 
stage pressure drop to occur in the moving blade. 

Provided the pressure drop is not large, the injector action of the steam entering j 
the blades is sufficient to maintain the pressure drop without taking any special 
precautions to prevent leakage of steam over the tips of the blades. 

As, however, the pressure di'op in the blades increases, steps must be taken to 
limit steam leakage by causing the shrouding to overhang the moving blades to 
such an extent that it almost touches the preceding diaphragm. This is known 
as End tightened blading (see p. 443). 

Since tip leakage can never be entirely prevented, and is most serious where 
the specific volume of the steam is small, it is customary to allow only about 5 % 
reaction on the first rows of blades in the high-pressure turbine, and to increase 
this to 60 % in the low-pressure turbine, where tip clearance is small compared 
with the length of the blade. With 50 % reaction half the available energy per 
stage is released in the diaphragm, and' half in the moving blades. j 


Modern impulse turbines . 

As the primary patents on the various arrangements of nozzles and blades have ' 
now expired, manufacturers are at liberty to use any type of combination to meet ' I 

the end in view. ' - f 

’ '’’f 

The most usual arrangement is one two-bucket or two row wheel followed by 
several single-bucket wheels in which the amount of reaction increases progres- ' ' 
sively towards the exhaust end, 

' Through the courtesy of Messrs Metropolitan Vickers, Fig. 219 shows one of! 
their machines which iHustj^^the previous points. ’ yf 

It will he seen that the is a double-bucket wheel, and that this disc, ' ' 

together with several suecee|M^kcs, is pierced wit^oles which allow leakage ^ 

, steam to short-oirouit the bli^^fchdut interfeiinCTfch the ordered flow from ^ 


thenozzlesl These. holes cau'^ ^fc adj 
wheet , . _ ' ' . , ^ I 

"The photograph shows .that 
^ ' piercB^hecause of the larg^ per(^ ^^g 

'Determiuatiou of the wqrk dor JM 


balance of the 

|^4|^^veral preceding it, are notj 
carried by these blades, s 

tgle stage of an impulse turbine. 
l|;:the„<!dMeri-a,14on of energy fhat; 




ig* 222).. 








upon thi 
|TakupoiX;the i 
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which the steam is turned. In practice this loss is estimated from curves, but for 
ordinary purposes it is usual to multiply the relative velocity at inlet to the 
blade by a friction factor h, which is less than unity, in order to obtain the relative 
velocity V^o at outlet. 

Knowing TJ, S, and the blade angles, the change in momentum, which 
produces the force on the blade, is most readily obtained by a graphical method 
which is known as Drawing velocity diagrams. 


18 single bucket wheels 


Exhaust 




1 double bucket wheel 


Governor 






" 1 






V* J* 4. I 


I ' " ' 


By couHesy of Metropolitar 


|h upper^half of casing removed. 


' Velocity diagrams . ^ 

The change in momentum is the' rector differe]ffi^'{^^P%f^) or ^h)> 

and is obtained by drawing TJ at the ‘Nozzle angle a with- 
represents the blade speed ' S ’in order to obtain the relative 

Ths relative velocity’*^ ^at outlet « ~ and the 

\ ‘ I ^ tr\ 

f , * I|Lelative velocity.' The velocity ot 4 relative, to B is (F^ - F^), and, if the two objects 


< i .fc*- '» 

\"'U ' f 




■( , ,11 ' ,1 . . ^ ' i' ' " Z ■" Yk , , ' r ' 

*■ --'/l 1' f'' '' ^ ‘ " '^1 '“"‘"i " 

i/'A'” vV’’'' / '‘‘Vy \ ' 
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velocity at outlet is tlie vector sum = IJ. By reversing the anow m 

TJ and adding this quantity vectoiially to TJ, we have the change m velocity 
- T^) shown dotted in Fig. 221. The force due to this change of velocity is the 
product of the mass of steam flowing per second, and the vector difference 


Fig. 221. 

In general the vector (TJ - VJ will not be parallel to S, so that only the tangential 
component PJ will do useful work; whilst the normal component produces an 

End thrust on the rotor. 

Industrial method of constructing velocity diagrams. 

When a large number of velocity diagrams have to be drawn it is quicker and 
more convenient to draw diagrams 1 and 2 on a common base S. The change 
m velocity can then he scaled off directly (see Fig. 222) 



Force on the blades and work done. 

Let T be the time oehupied by a mass W lb. in passing over the blade system 

V 

under steam, then the acceleration in the direction of motion and the force 

' W K 


AxtAi. Velocity 

AT Inlet RpumvE 


Absolute Velocity 
AT Inlet 

Nozzle Angle 



Blade Steed i 


Relative Velocity 
AT Outlet 


Blade Angle at Exit 


Axial Velocity 
at Outlet 


■“AesoLUTC Velocity 
at Outlet 
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Work done = Force x Distance moved in tlie direction of the force 

WV, W 
= -7^x{SxT)=:^!Lv^S. 
a T ^ ‘ g ^ 


If w IS the mass flow per second, 


HP s= 




gx550‘ 

Blade or diagram efficiency. 

The total energy available for mechanical work per second 
efficiency of the blading as obtained from the velocity diagram 

^ (w/g)V,S 2V,S 


~r— ^ , SO that the 


^V!/2g 


Vf 


End thrust. 

Because of the ledueed axial velocity at outlet, from blades of an impulse 
turbine the force producing acceleration of the 
steam does not act wholly in the plane of the 


Press, p 


wheel; hence there is a component force 


tending to push the shaft axially, in addition, 
this is augmented by the steam pressure acting 
on the different areas a and A on each side of the 
wheel or disc. A thrust bearing, or as it is some- 
times called an adjusting block, must therefore 
be provided to carry this load and mamtain the 
working position of the shaft. 

In a reaction turbine the axial velocity of the 
steam per reaction pair is sensibly constant, so 
that the main thrust is due to a difference in area 
and pressure on the “rotor ” ; this thrust is usually 
balanced by allowing low-pressure steam to act 
on a dummy piston, but to meet variable loads 
and locate the rotor an auxiliary thrust bearing 
is provided. In central or double flow turbines, as 
well as in radial flow turbines, the thrust is self- 
balancing. 

Ex. Blade speed, diagram efficiency, and end 
thrust 



Fig. 223. 


One stage in an impulse turbine consists of a con- 
verging nozzle and one ring of moving blades. The nozzles are inclined at 22* to the 
blades whose tip angles are both 
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If the velocity of the steam at exit from the nozzle is 1500 f.p s., find the blade speed 
so that the steam shall pass on without shock, and find the stage efficiency, neglecting 
losses, if the blades run at this speed. 

If the relative velocity of the steam to the blade is reduced by 15 % in passing through 
the blade ring, find the actual efficiency and the end thrust on the shaft when the blade 
ring develops 50 h.p. 



On base AB, Fig. 224, set off angles ABC = 22° and ABD = 35° and draw BC to 
scale to represent 1600 f.p,s. Through C draw CM parallel to DB in order to locate point 
Ef which gives the blade speed as 685 f.p.s. approximately. 

Stage efficiency neglecting friction =* — - « 83'6 %, 


With 15 % friction loss Vro = 

Diagram efficiency = 

H.P. developed per lb. of steam *= 


16002 

0-85x986 « 837f.p.s. 

1490x586x2 


15002 
1490x686 
32-2x550 

Hence steam flow is approximately 1 lb. per sec. 

End thrust -2-78 lb. 


77-5%. 

=49-2, 


Velocity dia^ams for velocity compounded Wheels, 

I ’ ' ' ^ ' ' ' ' ' 

^ ; ilf two ot more tows of blades are carried on a single disc, the fixed blades, which, 

! , - separate^ tide >ows of moving blades fronl one andthev,' deflect the steam bn to , 
' the Succeeding, row of ippving blades, aadfibi some eases the system is arranged to - , 

' ;giye a:‘^|kt drop^in pV^ssur^e,, i^e'prbblem may ,be^ considered as a system of ' 
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and efficiency, the change in axial velocity being + The case of a three- 
bucket wheel is merely an extension of the previous problem. 

If, as sometimes occurs in examination questions, the moving blades are all 
supposed to be made from the same section, time may be saved by superposing 
diagrams 1 and 2. 

The rapid diminution in the velocity of the steam as it passes through multi- 
bucket wheels imposes a practical limit to the pressure drop which it is desirable 
to produce in a nozzle. In fact, if efficiency is to be aimed at, it is rarely advisable 
to use more than a double-bucket wheel per nozzle box. 



Ex. Blade speed and efficiency for velocity compounded turbine. Axial discharge , 
nozzle angle not given. Reduction in efficiency due to underspeeding. 

(B.Sc. 1924.) 

In a stage of an impulse turbine in which the velocity is compounded in two rings of 
moving blades separated by fixed blades, the moving blades have tip angles of 30®, and 
the blade speed and nozzle and fixed blade angles are designed on the assumption that 
' the velocity of discharge from the nozzle is 18Q0 f.p,S. and relative velocity of the steam 
to blade is reduced by 10 % in passing through each of the blade rings, and the final 
- ' ' discharge shall be axial. Determine the blade speed, and find the efficiency of the stage, 

, What would be the approximate reduction m ^oienoy caused by a 10 % reduction 
in blade speed? ^ 

To sdye this problem select two points A and B, Eig. 226, and from these mark off 
, the bl|.de angles of 30"^ and 

saves a little computation). From B , 

” J » i" '' ’'^A, ' 0*V ' 1 J, ‘ I r 

F;,, strike 




IWB , lI li r t . 




1 
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y. 


an arc to intersect the 30° line through A m G, then AO — and F^, — which is 

set off at an inclination of 30° from A to define point H. 

The length IH should be 1800, but through a wrong choice of it only scales 356. 

Hence the scale of the diagram — . 

Actual blade speed = 78*6 x = 398-5 f.p.s. 


The diagram efficiency 


2{Vt+ri)s 

Ff 

2(470+165)^x398-6 


18002 


= 79-2%. 


Underspeeding. To facilitate drawing, the underspeed diagram is superposed on the 
diagram for the designed speed, and is shown dotted. From this diagram the diagram 
efficiency becomes 


2i;480+192'4)™: 



. L’, ‘Kg. 226. 
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^ , . Back pressure , ^ „ , , , 

Taking pre ssure ^ stages, calculate by means of the steam 

tables the heat drop of the first stage. 

If the blade speed is 660 f.p.s. and the outlet blade angle is 30°, find the nozzle angle 
for an axial discharge. 

Assume that friction reduces the velocity of the steam relative to the blades by 16 % 
and take a nozzle efficiency of 90 %. 

Since the pressure ratio per stage is constant. 


^ -gi - Pa - 1^8 ^ ^ Pi _Q 

Pi P2 P9^ Pi, p5 23-5 “ 



whence 


0 =: 1-4286, 


2>i“ 


200 

1-4285 


«140. 


2D0 Lb per Sq.In.60''s u. 





To obtain the adiabatic heat drop from steam tables, 

(^g at 200 lb. per sq. in. and 60 ° 0. superheat = 1*6231 
at 140 lb. per sq, in. dry saturated ~ 1-6813 

„ 0 - 0418 = 

To estimate the value of from tables, 

.E atd4p Ibi per sq. in. 30 ® G, superheat « 682*3 



E at 140 1^. per ajj. in^’d^ sattfrated 

« 666*1 

.1 H ’ V ! * 


17-2 

1 \,V” ' 

' »^T < * J ^ -1, 

Jy 

wV 1 ' - r H ' ' 1 

Vi(^|ifu54 1 1 r , , ^ 

;;; , ■ 'v. ; ' 

'■ M * ‘ J * 

t / * \ ' » 1 , 




' 
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, T 0-0418 

Tentatively, ~ ^ 

1-08x4514 =487 

T saturated at 140 lb. per sq. in. = 461 

Degree of superheat = 36 


This could also have been obtained by referring (/> - 1-6231 to superheat tables. 


H at 200 lb. per sq. in. and 60° C. superheat = 703-6 
H at 140 lb. per sq. in. and 36° C. superheat = 684-6 

Heat drop = 19-0 

7, = 300\/l9 x 0-9 = 1240 f.p.s. 

By constructing the velocity diagram in the reverse way to what is usual, we have 

^OQ 

7 sa — — sa 761, the intersection of this vector with the 1240 vector gives the nozzle 
0-85 


angle as 20-3°. 

Flow of steam through blading. 

The volume of steam flowing through 
the blades is the product of the velocity 
of flow and the total area of the pas- 
sage perpendicular to the velocity. 
In practice it is convenient to consider 
the axial component of the velocity 
in conjunction with the unobstructed 
area perpendicular to this velocity, 
thus: 



From 228 the mean unob- 
structed area between the blades at 
entrance = {p sin 

Yclume of steam flowing per second 

--Vri 

■Bui}. , Eeiha. 


Pitch P 
^ Axiau 
VeUieiTY 


t> Qmging of Blodes 

ANstfc fi 



OUTUET 

Angle 


. T/ -L 1 Axial velocity' 


Fig. 228. 
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To have a steam flow through, the blades, then, it is imperative that the axial 
component of the velocity of the steam is at all times compatible with the area 
for flow, For this reason the exit height H of the blade is often greater than the 
inlet height h. 


Blside speed for the maximum diagram efficiency of a single -bucket 
wheel having symmetrical blades. 

On p. 419 the diagram efficiency of a single-bucket wheel was shown to be 


2ViS 

V-yr- 


( 1 ) 


For a symmetrical blade yff = y (Fig. 222), and to maintain the steam flow 
through the turbine constant, the axial velocity of the steam through this type 
of blade must also be constant. Further 



TJsina — 

(2)' 

Also 

J^cos/^ = (l^cosa— iSf). 

(3) 

Neglecting friction, = 1^, and 



217^008^ 

■ (4) 

By (3) in (4), 

=s 2(]^cosa— iS). 

(6) 

By (5) in (1), 

4(]^cosa'~/i8);8 

V- jri > 



J 



diT) 

= COS a - 28IVi * 0 for a maximum. 
d{S/Vi) ’ ^ 

Hence the best Velocity ratio (v.R.) is 

S 

K 


cosot 


2 . 


aiid ~ COS®Ot. 


( 6 ) 


. Since « is usually 16 to 20®' cos a = 2 = 1, so that the best velocity ratio is approxi- 
^ mately In practice it is found that the highest efficiency is realised when 
, vja. * 0*48 to 0*5, ^hieh in this case causes the steam leaving the blade to move 
: in an axial direction. In these circumstances the kinetic energy in the leaving 
ate?bmds the minimum required to produce a flow through the blades, no com- 
;; ppheit velocity, ihFjih direction bf /S, being available to do more. work on the 
'..plades, ,, I' ' ' 

; J.i jFi^heTy aetl^;'iQd disc Action (see p, 429) depend upon a power of 

{^ihe'spe^j'reductiph ihnSpe©4c^^BS''|t(saviiig bn these, losses which more than 
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The best velocity ratio for double-bucket wheels. 

With very small blade angles the best velocity ratio of a single-bucket wheel is 
a value which should be realised by the last row of a double-bucket wheel, 
since any energy which is not converted by the first row of blades should, in the 
ideal case, be converted by the last row if it is not to be lost. 


Fig. 229 represents an ideal two-bucket wheel having very small blade angles, 
and in which the final discharge of the steam is axial; a condition which makes 



Fig, 229. 

Neglecting friction, we have Ki S. This causes 
But 

and since Vf^ = TJ!^, then 17 + jgf 32 = 4/5. 

Hence the best velocity ratio of a two-bucket wheel is J, and of a three-bucket 
wheel J, 


Best velocity ratio for unsymmetrical blades, friction present. 

On p. 419 it was shown that the diagram efficiency of any type of blade was 
given by „„ 

. . ( 1 ) 

Rwm Fig. 222,. , lJ=^cos/?+lJ„cos7. (2) 

' But with Motion V„ = W^, where h<l, whence (2) beoomeB 




A’ 

f 
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Before we can solve this equation for the value of SIVl, which will make tj a 
maximum, we must know something about the angles a, y, as these influence 
the value of rf, thus: 

If the steam is to flow on without shock, 

- ^sina 
T^cos/? T^cosa— 5’ 


sin a 


.( 6 ) 


tany^== 

cosa-Sm 

sec*/? = 1 + tan*/?. 

<’> 

a and y may now be varied arbitrarily so long as the blade height at entrance 
and exit can be adjusted to discharge the steam (see Fig. 228). 


But 


By (6) in (5), 


S 


7 } = 2||^cosa 


Ex. Velocity ratio for unsyminetrical blades. (Senior Whitworth 1924.) 

The ratio K between the velocity of the moving blades of a single disc impulse turbine 
and the velocity of steam at exit from the nozzle is 0*36. Find the efficiency when the 
nozzle angle is 18° to the direction of motion. 

What would be the value of to give a maximum efficiency of this pair and what 
would the efficiency then be ? 

Assume that the inlet angle of the blade allows the steam to flow on without shock 
and that the outlet angle is 18°, 

To solve the first part of the problenS merely draw the velocity diagram, taking F, as 
1000, whence 




2F/S 2x1247x350 


-ZLL 


Vf ~ 1000* 

From equation (7)^ p. 427, writing y = a, we have' 

.(0)[i+ScO8ayi + (; 


== 0-874. 


^7 ss 2||r0osa- 


iVi 


sma 


i^cosa— ^/F, 

SIV ( « a; and cqs<z — a, then equation (1) becomes 


......( 1 ) 
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Let (a- t) ~ y, and (i — ” &, 

7} = (a—y) \y+a>^y^+b% 

di] _drj dy _ dj^ 
d% dy dx dy" 


Equating this to zero for a maximum value of w, 

-0, 

{a—2y)^y^+h^—a{y^+b^)+a^y—ay^ — 0, 


V+62 


■whence {a - 2y) + 6^ = 2ay^ - a^y + a6®. 

Squaring both sides, 

{a^—4£t>y+4ty^) («/®+6^) = 40^ 4-oV'f 4ay +4a^6y — 2a*6®y, 

4^ — iay"^ + y\4d>^ + a^) — 4.cd>^y + = 4a V ^ V + + 4a^52) — 2 a’d^^ + a® 6 ^ 

42^^(1 - a®) ~4ay^{l -a?) + y\4h'^{l - a?) d-a^Cl — a^)] — 2ahhj{2 - a^] + ~ q 
But =s (1 —a^), so dividmg throughout by (1 — a^) gives 

4 2/^ — 4a2/^ -f y2(4 — 3a®) — 2a2/(2 - a®) + a^ = 0, 

{y - a) [42/® + (4 - 3a®) ?/ - a®] * 0. 

.*, 2/ “ whence and ^ ~ 0, 

Or 42/®+(4— 3a®)y— a® = 0. (2) 

This equation has only one real 'root, which hes between ^ = 0 and a/2, 

, V , a cosa 

a;s=:(a-2/)j hence «> >— ^, 


a = 18% cosa = 0*9611. 

A graphical solution gives x = 0*626, and this value satisfies equation (2) approia* 
mately. 


Graphical solution. The efficiency is obviously a maximum when is a minimum, 
provided the area through the outlet from the bJades wiE allow the steam to fiowthrough 
at the rate that it is discharged from the nozzle; so obtain the velocity ratio which voll 
give this minimum for a fixed nozzle and outlet blade angle. 

On the base BO (Fig 230) set off the nozzle angle ABO as 18®, mahe AB « 1000, and 
set off the outlet blade angle DBM « 18*^ on the reference hne. From B mark off blade 
speeds of 300 f.p.s., 400 f.p,s„ etc. up to 700 f p.a., to locate points (?, 0^ etc. 

Join AO^ AGit AO^ etc. With centres 0, 0^, 02 , etc. and radii A0, AO^, AO^ etc, 
ss« Frt, strike arcs of circles to intersect lines drawn through 0, 0^ 02 , etc , parallel to 
Ijhe r^erenoe hue, in points F, F^, etc. The join of these points is the locus of the safi 




i. i 
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F ol the vectoi BF which lepie&ents the outlet velocity The minunmn value of 
IS the radius of a circle, centred at B, to which the locus ol ^ is tangent ifoi this minimum 
value the hlade speed scales 626, and smee was taken as 1000, the best velocity i atio 
IS 0 526. 



Losses in steam turbines. 

In an ideal turbine the useful work done per lb. of steam would be the same as 
that done on the Rankine cycle between the same temperatme and pressure 
limits, from the stop valve to condenser, i e. it would be equal to the Adiabatic 
heat drop. 

In practice many things reduce this work considerably, and their effects may 
be investigated by tracing the path of the steam from the stop valve to the 
condenser, thus: / 

The first loss occurs at the governor valve where, for the sake of speed regulation, 
a throttling loss of 6 to 10 % of the pressure at the mam stop valve appears 
to be inevitable. 

Tlriction and eddies will cause various small pressure drops in the high-pressure 
nozzle bos, but the greatest loss occurs in the nozzle itself due to the bending 
of the steam through a considerable angle. 

Prom a thermal efficiency standpoint small blade hmghts are undesirable, but 
if these are inoreased, then the great density and limited quantity of high- 
pressure steam prevent its admission over the whole of the periphery of the first 
stage, hence Partial admission results. In a way this is unfortunate, because the 
blades which are not under the influenee of the jets are idly churning the steam, 
with which the casing is filled, thereby causing a Pan loss or Windage. This 
loss is difficult to estimate, although attempts to* reduce it axe sometimes 
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made by fitting stationary shields arotmd the moving blades which are not 
under steam. 

The high-piessore turbine disc is itself running in a dense medium that sets up 
a considerable fiuicl resistance, known as Disc friction. 

The chamber contaming the first stage is sealed against leakage of steam by a 
gland at one side and diaphragm packing at the other (see p. 415); but since 
this seal is never perfect, a certain proportion of the steam leaks from the 
chamber without doing useful work The larger leakage area of reaction turbines 
makes the loss more serious in the high-pressure turbine, even though the 
pressure difference across each row of blades is much less than across the 
diaphragms of impulse turbines. 

The kinetic energy corresponding to the absolute discharge velocity of the 
steam, i.e. Carry over, may be conserved—at least for one power output— by 
properly shaped and positioned diaphragm plates. With partial admission this 
angular positioning of the nozzles of successive stages in order to conserve the 
‘‘Carry over” is known as Lead, and may be computed when the particulars 
of the blade and velocities are known. 

Throughout the turbine the losses already enumerated are repeated from stage 
to stage, hut decrease with a decrease in the density of the steam. In addition 
there is Radiation, which, in a properly Lagged casing, should not amount 
to more than i % of the adiabatic heat drop (a.h.d,). 

Next to the glands we have bearings and the thrust block, which involve 
frictional losses. On a small 20,000 h.p. set, having a mechanical ef&cienoy of 
95 %, this loss amounts to 1000 i£.p., which has to be dissipated by means of the 
lubricating oil; hence the large quantity of oil in circulation. Finally the power 
to drive the pumps as well as the governor gear must be deducted from the total 
power developed inside the turbine. 

Terminal or leaving loss. 

The exhaust steam enters the condenser with a considerable velocity, somethiag 
of the order 600 to 800 f.p.s. or nearly 600 m.p.h., and the kinetic energy corre- 
sponding to this velocity represents a loss of energy amounting to 

. . - 7-1 per lb. of steam. 

The best way of reducing this loss and that of the thrust block is to use a 
Central or double flow turbine, which is really two simple turbines with their 
H.r. ends placed back to back, so that the steam flows axially in opposite direc- 
tions.* 

By this arrangement the velocity is halved and the leaving loss quartered-f 

* Tfhe first twbia© mad© by Parsons was of this type (1884), 

- t In reaction tewtemes the leakage loss is almost doubled when central flow is employed, 
font it IS pOEsible to employ a higher vacuum without involving an abnormal leaving loss, 
consequent on the ^edizoed density of th® as would be the case in a single flow turbine. 
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Because of the reduced blade heights required, the bystem is most adyantageous 
on high-powered or low-pressure units, where it has distinct advantages. 

In America turbines have been made with four exhausts with a view to reducing 
the loss below the aveiage value of 5 % of the adiabatic drop occurring with a 
single exhaust in that country. 

The designer’s objective is to reduce all these losses to a minimum, and it will 
be appreciated that the greater the capacity of the machine the smaller will be 
the percentage total loss. 

When designing a turbine, each Joss, and its mfluence on the condition of the 
steam, is considered at each stage, but examiners take cognizance of the losses 
by introducing certain efficiencies. Unfortunately there does not appear to be 
agreement in the definitions connected with the various efficiencies and often 
several different names mean the same thmg. 


! 


Various efficiencies of turbines. 

(1 ) Diagram efficiency. This has been defined on p. 41 9 and is represented by 




2S(Tf,+T^,+ ...) 

n 


where the suffixes 1, 2, etc. refer to the rows of moving blades in that particular 
stage. 

(2) Stage efficiency, The stage efficiency covers all the losses on the 
nozzles, blades, diaphragms and discs that are associated with that stage. 

Net woik done on shaft per stage per lb. of steam flowing 
Adiabatic heat drop per stage 

__ Net work done on blades— Disc friction and windage 
Adiabatic heat drop, per stage 

(3) Internal efficiency, This is equivalent to the stage efficiency when 
applied to the whole turbine, and is defined as 

He at converted into useful work 
Total adiabatic heat drop, H 


(4) Overall or turbine efficiency, tjq. This efficiency covers internal and 
external losses; for example, bearings and steam friction, leakage, radiation, etc, 

_ Work delivered at the turbine coupling in heat units pei lb. of steam 

Total adiabatic heat drop, H ’ 



(6) The net efficiency or the efficiency ratio, is the ratio 

Brake thermal efficiency 

Thermal efficiency on the Rankine cycle* 
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No\\ tlio actual tliermul eliiciency 

Beat conv erted Into useful work per lb. of steam 
~ Total heat in steam at stop valve - Water heat in the exhaust* 


Kaiikinc elfieiency 


Adiabatic heat drop 

Total heat in steam at stop valve — Water heat in the exhau^i* 


Heat converted into useful work 
Total adiabatic heat drop 


Hence - %• 

It is the overall or nett efficiency that is meant when the efficiency of a turbine 
is spoken of without qualification. 


Re -heat factor. 


Owing to friction, only the portion of the adiabatic heat drop h per 
stage (having an efficiency is converted into work, the remainder 
goes to re-heat the steam, and thereby pushes the “state point”, on the 
chart, progressively to the right. 

For example, the state point (2), Fig. 231, for the first stage is pushed to (2'). 

Now the constant pressure lines on an H(j> chart diverge towards the right, 
and therefore it follows that the adiabatic drop from 2' to 3 is greater than the 
drop from 2 to 3". 

Continuing in this way from stage to stage the total effective heat drop is 

1^2 + 1^3 + + etc, J 


this is known as the Cumulative heat drop and is greater than the direct or 
Adiabatic drop H. 

Generally is expressed in the form of a product BxH, where M 

is known as the Re-heat factor. 

If is the average stage efficiency, and h is the average heat drop per stage, then 
the internal efficiency of the turbine 


But 


Sh = 


TjgSJl 


ME. 


( 1 ) 

( 2 ) 


Whence by (2) in (1), % «= — ^ . 


E 


% 


.( 3 ) 


Usually 1 /fi and are unknown, so that E is provisionally decided on from 
essped^noe with similar turbines. The value of E usually lies between BOB for 

3n, ah.o’wt that the eMesUcy of the machine as a whole is greater than of ita 
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turbines with few stages to 1-06 wlieie many stages are employed. By reasoning 
on purely theoretical lines a value of R may be deduced.’*' 

Ex. Re-heat factor and subdivision of power, (B.So. 1921.) 

Explain carefully what is meant by “Bo-heat Eactor ”, and indicate ho\i this factor 
involves two efficiency ratios. 

An impulse tuibme installation is to be airangod m three casings, h.p,, i.p., l.p., an<I 
to voik between pressures 210 lb. per sq. in. SO^C. superheat and M lb. per sq in. 
Allovmg a re-heat factor of 1 075 and a loss of available heat in receiver pipes, etc, of 
5 c H.u. per lb., determme the heat to be allocated to each unit if h.p. and i.p. each 
develop I power and l.p. ^ of total power. 

Allow a stage efficiency in h.p. of 0-79, i.p. of 0-76, l.p. of 0‘72. 



Fig. 231. 

From the MoHier diagram the adiabatic heat drop from 210 lb. per sq. in. and 80® 0. 
superheat to M lb. per sq. in. = 205*6 o.h.tj 

Cumulative heat drop ~ 1*075 x 205*6 = 221*5 
Receiver loss « 

Ket available energy « 216*5 

Let 1 ?!, Hz and be the heat drops for b:.p., i.p. and l,p, and 31 the total power 
developed per Ib. of steam, then 

0-795'i = O76a'8=.|, 0-72fl'8=|. 

* ** Stage efficiency, cumulative heat drop, and reheat Sector of steam turbines,*^ by 
Br B. M. Smith, Proo, ins/!. M&ch, Bing- (1939). 

WHE 

I 

% > 
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•'• 4 ^ 0 - 76 ’ 

Si+ffj+ifa = 216-5. 


. „ /76, , 2x76\ 
fl, = 51-l. a^ = 53-l, ifa = 112-1. 


Ex. Auxiliary exhaust into turbine. (B.Sc. 1921.) 

Tlie low-pressure turbine of a naval installation receives 30*7 lb. of steam per sec. 
from the high pressure unit at 27 lb. per sq. in. and 0*915 dry. This steam expands to 
12*5 lb. per sq. in. in the first two stages of the low-pressure with an efiScieney ratio of 
0*69. Into this steam at 12*6 lb. per sq. in. there also passes 8*2 lb. per sec. of exhaust 
steam from the auxiliaries at 0*94 dry. The total steam quantity then passes through 
the succeeding stages to an exhaust pressure of 1*3 lb, per sq. in. If the h.p. developed is 
6120, determine 

(а) The efficiency of the later stages, 

( б ) The condition of the steam at entrance to the third stage. 

(c) The condition of the steam at the exhaust from the last stage, assuming a leaving 
velocity of 600 f.p.s.’ 

Heat drop from 27 lb. per sq. in. at 0*916 dry to 12*5 lb. per sq. in. is 29 c.h.u. 
Efficiency ratio « 0*69. 

Actual Work = 0*69 x 29 = 20 o.H.ir. 


Re-heated condition from MoUier diagram gives a total heat of 681*5 o.H.rr. per lb, t 


Total heat leaving the second stage = 30*7 x 581 *6 — 17,870 

Total heat from auxUiary exhaust =; 8*2(96*5 +0*94 x 642) — 4,960 
Total heat entering third stage = 22,830 

OO OQA 

Total heat per lb. = =« 687*0 

ft S,t 12*5 lb. per sq, in. ^ =3 95*5 

L at 12-5 lb, per Sq. in. = 542^ a;x 542 =5 491*5 


Dryness fi-action a-t entry to the third stage ~ 0*906. 


‘ Erom tins condition down to 1*3 lb. per Sq, in. the adiabatic heat drop is 73 o,H:.T]f. 
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Useful heat drop = 0*631 x 73 = 46*04 

Heat equivalent to leaving loss = — -- — = 4*0 

2gr X 1400 

Total energy abstracted = 50*04 

Setting this length off on the MoUier diagram from the adiabatic through 12*5 lb. 
per sq. in. at 0*906 dry gives a re-heated dryness at 1*3 lb. per sq, in. of 0 * 364 . 

Quantities Given 



Fig. 233* 

Ex. Velocity compounding. Stage pressure, power. (B.So. 1932.) 

A two-row stage in'an impulse turbine operates at a blade speed of 480 f,p,8. when 
receiving 6*5 lb. of ste^ per sec., at 160 lb. per sq. in. dry and saturated. The ratio of 
the blade speed to the steam speed at efflux from the nozzle is 0*21 and the nozzle 
effloienoy is 90(%. Given the following particulars; , ^ 


' ' ' '■'T , '1 ■. 

' ^ j 1 ‘ ' 

’'Nozzlesl' ' 

\ c* * 

First , 
moving 

Fixed 

Seeop.d 

moving 

',’Cytlet , 

' ‘ 

f y j 

'1 . 

, . ' ' . 

0*79 

24® 

0i83 

. 32® 

, 0*88 , 
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ddeuniiiP ilie st ii*t picfesm e, blading (oi diagiam) efficionpy, stage efficiency and power 
output it -0 H p IS used in oveicomuig disc friction and windage. State also the con- 
dition ot the steam lca\ mg the stage. 


p. = 6 5 Lb per Sec 



Sufficient information is given to complete the velocity diagram, from which the 
diagiam efficiency is given by 

2 x 480(3015 + 1160) 

VI ~ 2286 ^ -/'/o- 


Adiabatic heat drop H is given by 

2285 = 300 VoW, H ^ 64*6 c.H tj. 

From the Molher diagram the corresponding stage pressure is 36-5 lb. per sq in, 

H,p, developed by the blades — — 5 ^- 5 — — = 740 

Disc loss =: 20 

NetH.p. ~720 


Stage efficiency = « 


Ne twork on shaft _ 720 x 550 

Adiabatic heat drop ” 64-6 x 1400 x 6-5 


= 67-4%. 


Heat converted mto meohamcal work per lb. of steam 


Heat equivalent of carry over ~ 
Total heat converted 


F? 

2gJ 


=^0-G74 x 64*6 * 43-5 O.H.U. 

260^ A 

0-76 


64-4 X 1400 


44*25 


this length off on the Moliier diagram gives the re-heated condition of the 
I \ te^uii learing the «ta |;6 as 0*95. 
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Ex. Turbine trial. (B Sc. 11)34 ) 

The following pai ticulai s refer to a tiial on a small two-stago impuKe tin bine supplied 
\iith superheated steam Pressure and teinpeiatuie ol steam in nozzle bov, lo4 lb pet 
3 q m and 210° C respectively, pressure and tempciatuie ol si earn m fust e\pansioa, 
14 2 lb pel sq in and ]08°C , piessuie m condeusoi, 1 13 lb pei sq in , levolutions 
pel mm 2900, biake torque, 252 lb ft hiction toiquc, 17 5 lb. ft steam per niin 
40 53 lb , cooling water pei mm , 1663 lb laised through 15 3'^ (j , temperatuie of hoi 
well, 32 5°C. 

Make out a heat balance sheet lor the tuibme, e\piessmg the values in lb, caloiies 
per min , and find the theimal efficiency 

What IS the % of le-heat in the first staged 


BHP. 

FHP 
I HP. 


277x2900x252 

33,000 


= 139 4 


277x2900x17 5 
33,000 


= 9-7 

= T4M 


H at 164 lb per sq. in. and 210° C 
h in feed 


= 682 cHxr. 
= 32-5 


Heat supplied =619-5 

TT x X j j r X 149x33,000 __ ^ 

Heat conveited into i h.P per lb of steam ~ 5 

^ 1400 X 46 53 


75*5 

Thermal efficiency = ^-^ = 11-62%. 


From the Molher diagram for conditions 154 lb at 210° C. and 14*2 lb. at 108° C. 
the adiabatic drop is 102 o.H.Tr. and the re-heat 64 c.h tj 

64 

Percentage re-heat = x 100 = 62 7 %. 

Wjm! 


Heat supplied measured from hot well temperature 

= 46 53 x 649*5 = 

30,200 

Heat to coohng water 

= 153x1665 = 

25,450 

Heat to B.H p. 

- 1394x~— — = 

14QQ - 

3,280 

Heat to P.H.P, 

— 23^4 — 

228 

Unaccounted for 

sss 

1,242 


EXAMPLES 

1 . Re-heating due to blade friction and horse-power developed. (IMM.) 

The heat drop utihsad m the nozzles of one stage of a steam turbine amounts to 
66 B T.xr, per lb. of steam, and the condition of the steam as it leaves the nozzles is 0-98 
dry at a pressure of 106 lb. per sq* in absolute. The nozzle discharge angle is 14° and the 
blade angle at outlet is 20°, blade speed 800 f p.s., blade velocity coefficient 0 8, Estimate 
the condition of the steam as it leaves the blades and determme the horse-power 
devebped if the steam flow is 3'5 lb, per sec, AnB, x » 0*992 ; h.p. =274. 
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2. Blade angles and diagram efficiency. 

Tlie bucket speed of a simple impulse turbine is 1300 ft. per sec , the axis of the nozzle 
is inehned at 20" to the piano ot the wheel and steam leaves the nozzle at 3600 ft. per sec 
Find the biickeL angle at entrance if there is no shock. 

If the exit angle is the same as the inlet angle, find the absolute velocity of the steam 
as it leaves the bucket and also the bucket efficiency (a) neglecting friction, (&) when 
the friction factor = 0-76. 

Ans. Without friction, bucket angle = 32°; With friction, bucket angle =* 32°, 
Leaving velocity, 1370 and 870 f.p.s.; Efficiency, 85 and 72-9 %. 

3. Velocity compounding, axial discharge, efficiency and angles. (B.Sc. 1929.) 

A pressure-compounded impulse turbine runs at 950 r.p.m. and is supplied with dry 
saturated steam at 196 lb. per sq. in., exhausting at LO lb. per sq. in. The first stage uses 
one-twelfth of the adiabatic heat drop and is compounded for velocity by means of two 
lings of moving blades separated by fixed blades, and the mean diameter of the blade 
ring is 65 in. The nozzle angle is 23° and the moving blades have a common discharge 
angle of 30°. 

Assuming a velocity coefficient of 0*85 and a nozzle efficiency of 90 %, find the diagram 
efficiency and the proper delivery angle for the fixed blades for axial discharge from the 
stage. Ans. Diagram efficiency, 69*8 %; 24*75°. 

4. Impulse turbine, velocity diagram. (B.Sc. 1937.) 

In a stage of an impulse turbine which is compounded for velocity there are two rings 
of moving blades the discharge angles of which are 30° in both oases and the mean blade 
speed is 280 ft. per sec. The nozzle and the fixed blades have a discharge angle of 20°. 
The steam in the nozzle box is at 170 lb. per sq. in. pressure, superheated to 250° C., 
and the pressure iu the wheel chamber is 90 lb. per sq. in. 

Draw the velocity diagram and find the diagram efficiency and the horse-power of 
the stage when the steam consumption is 40,000 lb. per hr. Take a nozzle efficiency 
of 90 % and assume that friction causes a 15 % reduction in the velocity of the steam 
relative to the blades. Ans. 66 %; 538 h . p . 

5. Velocity compounding. (B.Sc. 1934.) 

The following particulars refer to a stage of an impulse turbine compounded for 
velocity in which the steam supplied to the nozzle box is at a pressure of 160 lb. per 
aq. in., superheated to 220° 0.: 

Pressure of steam in wheel chamber, 80 lb. per sq. in. 

Discharge angle for two rings of movmg blades, 30°; discharge angle for nozzle and 
single row of fixed blades, 20°. 

Find (a) the velocity of the steam as it leaves the nozzle if the nozzle efficiency 

i® 88 %; 

(6) Ti)ie blade speed for the final discharge to be axial, assuming that friction causes 
a reduction of 16 % in relative steam velocity for fixed and moving blades; 

((f) the diagraim effidenoy of the stage. 

.. Ans. (a) 1586 fip.s.; (6) 306 f.p.s.; (c) 68*2 %. 
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6. Re-heat factor and efficiency. (B.So, 19:^5. ) 

Explain trhat is meant hy “le-heat factor” m steam turbine design An iinpuko 
tuibino consists of eight stages and the efficiency of each is 70 %, The steam supjily is 
at 215 lb. per sq. in. and 250° C., and the pressures in successive slages are m geo- 
metrical progression, the condenser pressure bemg 1*5 lb. per sq. in Find the le-hcat 
factor for the tuibine and the steam consumption per horse-powei houi. 

What IS the thermal efficiency of the turbine? Ans. 1*057 , 10 17 lb. ; 74'){j. 

7. Auxiliary exhaust into a turbine. (B Sc. 1 932. ) 

The high-pressure turbine of a marine installation receives 12*5 lb. of steam per sec. 
at 225 lb, per sq. in., 100° C superheat, and expands to 27 lb. per sq in. with an efficiency 
ratio of 0*7. The steam then passes to the low-pressure turbine receiver, but there is a 
throttling drop of 2 lb. per sq. in. m the connecting pipe. Expansion takes place in the 
fiist stage of the low-pressure to 16 lb. per sq. in. with an efficiency ratio of 0*73. 

The auxiliary generator turbine exhaust of 2*6 lb. per sec. is led to this stage, which it 
enters at 16 lb. per sq. in. and 2 % wet. The total flow of 16 lb. per sec. then expands 
thiough the remaining sections of the low-pressure turbine and leaves it at 1*1 lb. per 
sq. in., 0*93 dry, with a velocity of 600 f.p.s. 

Calculate the total power developed. Ans. 6125 h.p. 

Reaction turbines. 

The high, initial cost of nozzles and discs is avoided if we make the blades of 
such a form that they can expand the steam as well as alter its direction of flow. 

In the reaction turbine expansion through the blades is secured by making the 
blade rings a good working fit between the rotor and the casing, and by providing 
convergent passages between adjacent blades. 

The fixed ring of blades discharges the steam on to the moving ring at a velocity 
appropriate to the enlarged area at entry. Subsequent expansion through the 
moving blades increases the magnitude of the velocity, and this alteration, 
together with the changed direction of th^ steam between entry and exit, causes 
a reaction on the blades from which power is developed. 

Of this type of turbine there are two principal examples : The Parsons* turbine, *** 
and the Ljungstrom. In the Parsons* turbine the steam flow is axial, whereas 
in the Ljungstrom it is radial. The Ljungstrom has also one other important 
difference, and that is both systems of blades move in opposite directions, thereby 
obtaining a high relative velocity for a moderate rotational speed. 

In the Brush Ljungstrom turbine illustrated in Fig. 236 each half of the turbine 
drives its own alternator through the horizontal spindle; the alternators being 
tied eleotrioally. to compel them to rotate at the same speed. The greater pro- 
portion of the expansion proceeds radially, since the increased area for flow, whicli 
attends the increase in radius, allows the blade heights to he sensibly constant. 
Although usually the last two stages in the expansion are completed in an axial 

* Tbe first Parsons* marine turbine was radia fl:ow because Messrs Clarke Chapman and 

Co. retained Parsons’ patent for the parallel flow type. 
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direction because of the centrifugal bending stiesas on the long blades of the 
idclial flow machine. 

This typo of turbine is very poweiful for a given size and weight , and since the 
casing is removed from liigh pressures and tempeiatures, the machine may be 
slaited easily and quickly fiom cold. 

The profile of a reaction blade is the same for both the fixed and moving systems 
of blades, and since the passage between adjacent blades allows fur only a small 
drop in pressure a large number of rows of blades havo to be employed 

The fall in pressure as tbo steam passes through each row of blades, togelhei 
with the friction loss, causes the specific volume of the steam to increase from 
row to row, so that m axial flow turbines (if the velocity ratio is to lemain 
constant) the blade lengths should increase progressively towards the exhaust 
end. 

In practice it is found that at the high-pressure end of the turbine the increase 
in specific volume, consequent on a reduction in pressure, is not very great; so 
with a view to cheapening the turbme, at the expense of a slight variation in 
velocity ratio, many rows of blades have the same height, and are grouped into 
what are known as Groups or Expansions. 

Fig. 237 shows a section of an early type of Paisons’ turbmo. It reveals that 
it IS but one large stepped nozzle formed from these expansions. In more 
modern turbines the p,o.d. of the blades falls on one or more cones instead of on 
cylinders as in Fig. 237. 

At the low-pressure end of the turbine the specific volume increases so rapidly 
that an Expansion is restricted to a reaction pair, and even then, wdth the 
blade length limited by vibration and centrifugal force considerations, it becomes 
necessary to maintain the steam flow by opening out the blade angles. 


Reaction blading. 

The majority of the blading used in Rarsons’ turbines is made from rolled 
sections, the blades being attached to the rotor or casing by serrations. 

The advantage of this form of attachment is that the blade can be inserted into 
the groove and twisted into position, and that, by varying the width of the groove, 
various blade angles may be produced from a common rolled section. 

Variations in groove width produce four types of blades, namely: normal, 
i wing, i wing, and | wing blades, which have exit angles of approximately 20°, 
25°, 30° and 34°. 

The full wing blade is made from another blade section and has a discharge 
angle of about 45°. Normal blades are in most general use and their widths 
range fi?om J to IJ in. by eighths of an inch. Because of the different widths of 
groove into which the blades are inserted, the term nominal width is used to 
designate the particular series of blades. 
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The distance across the exit passage between two adjacent blades (see Fig. 238) 

is known as the Gauging, the ratio being constant for any particular 

radius. This ratio is of importance, as it 
controls the steam flow through a ring of 
blades and the pressure drop across the ring 
thus: 

Let D be the internal diameter of the 
casing, d the external diameter of the rotor; 
then the clear area for flow between adjacent 
(D^d) 


blades is 


2 


■ X Gauging. 



O' Discharqi? 
Angle 


The number of gaugings per ring of 
blades is ^ 

Mean circumference 


Fig. 238. Reaction, blading. 
7r(D + d) 


Mean pitch 2 mean pitch * 

% 

Hence the area for flow per ring of blades is 


(D — d) Mean gauging 7t{D ~\~d) n 


Mean gauging 


. - g 

2 Mean pitch '^2 4^ ' Mean pitch 

In general this becomes 

Area for flow per ring of blades 

=» Annular area between rotor and easing • 

The ratio for normal, J wing, J wing, | wing and full wing blades is 0*36, 

0'42, 047, 0*54 and 0-63 respectively. Because of the convergence of the streams 
on each side of the blade these ratios may be taken as sin a. 

End-tightened blading. 

The pressure difference that exists over reaction blading may cause a serious 
increase in steam consumption, without any increase in power, unless provision 
is made to . limit the leakage of steam over the blade tips, 

Originafly the ends of the blades, opposite the rooting, n^ere thinned down to 
' a' feather edge and the rotor was then mounted in a lathe, arid the feather edges 
' .rubbed down with einery cloth until the tip clearance,, between the blades and 
i. tfie casing, was between O'-Od and '0-06 in., depending upon the diameter of tie 
:VvrCtor. ' . . . ; 

' Tfleintroductionofimpi^^^ Thtustd^ AdluStlhg blocks ha^ made it simpler 
h; , 8^d to sednfe a' striaifl a^ejial ratflerthan'a small ra<flal blearalnce, and, unlike 

^ j'^efafcl^^learahoeia^^ eipable of adjustment during service by 

' remiving packing from the front off he thrust block basing, ' ' 
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To secure this axial clearance both moving and stationary blades carry over- 
hanging shrouds (see Fig. 235), which are thinned down to a feather edge so that 
in the event of accidental contact of the moving and the stationary components 
destructive heating by friction is avoided. 

The shrouding of the moving blades almost touches the rooting of the stationary 
blades and vice versa, and to bed the two together the thrust block is adjusted, 
during trials, to give momentary contact. 

In designing the rotor it is arranged that the resultant steam thrust is towards 
the nozzle box end and tends to reduce the clearance — entire reliance, to prevent 
contact, being placed in the thrust block. 

When manoeuvring marine turbines the end clearance is considerably increased 
to avoid contact of the shrouding due to a change of thermal expansion and 
varying thrust. At sea the clearance is set back to the amount determined by 
the thrust block packing. In the l.p. turbine radial packing is employed to 
allow for movement of the rotor under astern steam. 


Velocity diagram for a reaction turbine. 

Since, in this turbine, the moving and fixed blades are all made from the same 
rolled section, the velocity diagrams for the steam entering and leaving the 


’ ‘ / 









a»^5^''tha1i-thi6 heat drop lti mpying'’’' 


a 


ij'S 'll 

.i?r El . ' 'f ^ -'.I 
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leaving the fixed blades. Under these conditions we have a uniform flow of steam 
through the blades, and this flow is practically independent of blade speed. 

In practice the heat drop per row is so small that for symmetry of the velocity 
diagrams very precise gauging of the blades would be necessary; hence velocity 
diagrams for reaction blades are mainly of academic interest. 


Best velocity ratio of a reaction pair. ^ 

Since the specific volume of the steam progressively increases throughout an 
expansion, whilst the area for flow remains constant, it is rather ambiguous to 
speak of the velocity ratio of an expansion, since for the previous reasons the 
steam speed progressively increases, whilst the blade speed remains constant. 

In design work the velocity ratio at the entrance to the expansion is usually 
employed and has a value of 1 to Id, so that the average value for the expansion 
is of the order 0*85. 


The work done per reaction pair by a steam flow of W lb. per sec. is given by 

— ~ ft. lb, per see... see p. 419. 

9 

The total energy supplied per reaction pair per lb. of steam is the kinetic energy 
in the carry over plus the heat drop in the two rings of blades. 

72 72. 

The carry over from the preceding blades ^ * 

/7a 72 \ 

H.. a™p, - J) ,.k. 

1 72 

The total energy available per pair per lb. of steam = - [7| - 7|J + ~ , 

9 ^9 

But % - 7k. 

W 

Total available energy — ~ [27f - 7^] per T7 lb. of steam per sec. 
Efficiency of reaction pair = 

' ' , . ^ " ( 1 ) 

, We' require the value of SjYi that will make this a maximum and therefore 
Vii and Vf must be expressed in terms of % and S, thus : 

, From the velocity diagram 

72 ^ s ( 1 ^ sin af 4- (Vi cos a— ;i8)^ F| - 9^SVi cos a + #8^ {%) 

f ^ \ == 2IJcqsa-r/S, / ' ' (3) 

, ;,By andJ3}in (bj, t, ^ . 

J as/^pcssw-riS^r 

Thi, velocity rafeio-j’s of Httlc praetioal importaupe-Since reaction pairs are rarely used 
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S 

Lot y (v.R ) rind 2 cos a = a, then 

2 [^-(V.R.)] ( V.B.) 

^ 3 +a(V.R.)“(V.R.)2* 

For a maximum 

^ A = 2[f 1 + a(v.B.) - (V.B.)^} {a - 2 (y . r.)} - (a - v.b.) v.b. {a - 2 (v.e.)}] 
d(r.B.)“ " l + a(v.B)-(v.E)^ 


i e. 


a 


£35 — 2(v.r.) - 0, whence V.E. = - - cos a and = 


2cos‘‘*a 
l + oo&^a* 


With £36 small v.R. = 2 = 1 , which, in the absence of friction, gives an efficiency of 
100 %. Actually this value of a would not permit any work to be done, because 
no steam could flow. However, the case is similar to that of the Diesel cycle when 
the cut off is zero (see p. 77). 


Ex. Drum diameter, blade height. (B.So. 1934 External ) 

A reaction turbine runs at 300 r.p.m. and its steam consumption is 34,200 lb. per hr. 
The pressure of the steam at a certain pair is 27 lb. per sq. in., its dryness =* 0*93, and 
the H.P. developed by the pair is 4*6. The discharging blade tip angle is 20° for both fixed 
and moving blades and the axial velocity of flow is 0*72 of the blade velocity. Find the 
drum diameter and the blade height. Take the tip leakage steam as 8*0 %, but neglect 
blade thickness. 


Fww 34200 Lb psr Hour 
Steam 27 Le per S<?.1n x > s 0 93 



The solution of turbine questions is greatly facilitated by the aid of a diagram which 
interprets graphioaliy the substance of the question (see Fig, 240). 

Tho quantaUes required in this question are d and A, so we must see how these two are 
rellited to theinfomation given, thus: 

Fdr given conditions and axiai velocity, the drum diameter and blade height 
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determine the mass of steam flowing accoidiug to the relation 
Mass flow per sec. 

j y Volume flowin g pei sec, ^ x A\ial velocity 

Specific volume ol steam at the paiticulai diyness Specifle volume x a 

Effective mass flow allowing for tip leakage 

34,200 7rDhxO’12xS 

= W ^ ^ = 1-5.16 X 0-93- 

Blade speed /S' = x ttZ) = 5nD. (2) 

Force on blade in direction of motion = 

Q 

, Mass flow F/ u ^ 

H.P. per reaction pair = — ^^^0 ^ ^ ^ (3) 

From the velocity diagram, which was draw ii for Unit blade speed, 

F^ s= 2‘9/S a= 2*9 X 5 X 7r X X>, (4) 

whence, by (1) and (4) in (3), 

8‘74x2.9x(57rD)2_ 

gx550 

. _ 1 /?5 x 32-2 X 660 .... 

!>-■=- J — TTrTA — rr7» — ~ 3*68 ft. 

&ttN 8-74 x2‘U 

Substituting this value in (1), 

ar,4 (ttI))® X 0‘72 X , A or,, Ji. 

8-74 = A = 0'271ft. or 3-25 m 

16-16 X 0-93 

/. Drum diameter = (3*68 — 0-271) ~ 3-31 ft. or 39| in. 


Ex. Re -heat factor, power developed and blade height, 

(Lond. B.So. External 1933.) 

Define the term “Re-heat factor" used in connection with steam turbines. A low- 
pressure reaction turbine has the followiag particulars: steam supply at 30-0 lb. per 
sq. in., 0-9 dry; back pressure 0-9 lb. per sq. in.; steam consumption 1800 lb. per min.; 
^eed = 480 r.p.m. Calculate the power developed, assuming that 20 % of the adiabatic 
heat drop is lost in friction in each stage, and taking 1-05 as the xe-heat factor. 

Taking the blade velocity as 0-7 times the relative velocity of the discharge steam, 
the blade height as 1/12 of the mean diameter of a row of blades, and the blade angle at 
discharge as 20°, find the desirable height of the blades at a point in the expansion 
where the pressure is 16 ib. per sq. in. Neglect the effects of friction and re-heating. 

For the definition of re-heat factor i? see p, 432. 

Turbine effimenoy (1) 

In reaction turbines it is unusual to ^eak of stages, but applying equation (1) to 
theprobtem, = 0-8 x 1-06 =.0-84 
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Adiabatic heat drop, from the Molher diagram, is 112 g.h.U, 

/. Useful ivork done in the turbine per lb. of steam is 

0*84 X 112 = 94' 1 c.H.TJ. 

1800x94*1x1400 

••• = 3^000 

From the previous problem, 

__ - 1800 TiUhx Axial velocity 

Mass flow — TP . 

60 bpecino volume x x 

30 Le PER. Sq.In. 15 {.b.pcrSq.In. 

jc = 0‘9 Steam 7J5=80% / Steam OSLb.perSqIn 

1800 Lb. PER Min /?=1*05/ 


7180. 


In equation (2), 




5=0*7 V, 


Fig. 241. 
, D 

Blade speed 8 = 


But 8 also equals 0*7 




‘ , ' , Axiaivelboity ~ FiSin20°= ’^y x’0*342. ,.,.'..(4) 

' ITegleoting friction ^ re-heat, ae stipulated in the question, the adiabatic condition 
at 15 Ibi ger in. is 0*87 Specito yolume at this pressure ~ 26*27, !&ence sub- 
gtitutbg4ieseTeluesin (2) gives ' * , * 

y ‘ 'wJ)^x87rDx0-di^ ' ^ 

mO*7x?6*27xO*87'‘ ' ' ,, , , / ' ^ 

Blade -height A :£!=i6 in.',' ' v' — 




ht^d df h^nt dropvydrk dohe per 

6f aBi'«!Cp4iiSidttl«.'»-iWii<Si inHanp;!. 

% 
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, , . . Axial steam velocity 

and the ratio ' — Blade veloci ty — expansion from 0-58 to 0*78, find the 


pressure at the end of the expansion and the useful heat drop per lb. of steam. 

If the exit blade angle is 20° for both fixed and moving blades, find the work done 
per lb. of steam tor the pair half-way along the expansion and estimate the number of 
pairs m the expansion. 

From p, 447, 


Mass flow =s 


ttDIi X Axial velocity 
xo. 


(i) 


We know that the mass flow, Z) and are constant, and we are given values of axial 
velocity in terms of the blade speed at the beginning and end of the expansion ; it remains 
to find X and 



Since we have but one equation we can only determine the value of the product 
whereas we actually require in order to locate the terminal pressure p. The additional 
information for the determination of p must therefore be obtained from a Mojlier 
diagram, 

_ TIT j ttDJixO'BSxW ttDA X 0*78 X 125 

By 1), Mass flow = — r — = . 

^ . 0*97x8*02 xvs 

. XV g at end of expansion = 11*12. 

We know that x is less than the value 0*97 at the beginning of the expansion, but as 
a first approxim^ition take it equal to this, when’ee 

11*12 


0*97 


= 1147 ou. ft. per lb. 


and the equivalent pressure is approximately 36 lb. per sq. in, 

From the chart the heat drop, 50 to 36 lb, per sq. in., is represented hy 0*43 in. 

■ ^ 1 , V TJseful drop 043 ><0*70 === 0*322. 

' ’ Setting, this talue dowfl on the ehart giVes a r6-heated condition of 0*966. 

J r, , ’theifefote'aw?* at 36 lb. ,per in: is apimaEy i)*966 x 11'57 « 1M6, which compares 

;'v(’%yQUfabIy;mth4d'^^^ f ^ : 

, ' ;moferpre<fiseVriilu4 p .agajiisl The useful heat ,drop per expansion is • 

''-Z- ' " Wfilfs ^ ’ 
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A iiru<in velocity fli igi im must now be constructed in oidei to obtain the work done 
pei leaction pan, thus 


The mean value oi the latio 


Axial velocity 


= 0 68 


Blade speed 
.* Mean axial velocity = 0 68 x 1 25 = 85 f p & 


Knowing the disehaige angle and 8, the diagiam may be constructed and the change 
in velocity scaled oft as 200 f p s 
Woik done pel lb of steam per leact ion pan 


200x125 ,, 

~ = — - = 1125 ft -lb or 0 805 c H u 
g 32 2 

12 


Hence the pairs per expansion = 


0 805' 


15 


Ex. Drop in pressure passing through a turbine pair. 

The drum diameter of a reaction turbine is 7 ft 2m, the speed is 750 r p m and the 
steam consumption is 31 3 lb per sec At a particular rmg the blade height is in , 
and the discharge angle 25^^ The pressure at this place m the turbme is 5 7 lb pei sq m 
and dryness = 0 97 Estimate the h p. developed m this particular pair 
Assuming a turbine efcciency of 75 %, find the drop m pressure whilst passmg through 



301*5 





The work done pea? teaotjon pair may ho obtained by one of two methods; 

(a) By the use of a velocity diagram. ' 

(5) By the use of a huge olirt or the Rankme equation if the pressure 
drop IS hnpwtu 
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In this evaitiplo siiihciciit nitoi luation is l,i\ tn to di iw the % ( loch v duigi <im thus 

7rl)h X ^\ial \elocit V 


Mdbs flow = 31 3 lb poi sec 


IV 


( 1 ) 


h 25 


Z) = 7ft 2m +61m =7fi88ft, //=—“, 097x65 18 

J 


Putting these values m (1) gives 


A\idl velocity 


Blade speed 


313x097x65 1S> 12 ^ , 

=15b2Jp.. 

ttaI bbb X 760 


60 


=^30i5tp& 


Prom the velocity diagiam the work done per loaction pair pei lb of steam is 

375x301 


32 2 


= 3600 ft -lb. 


, , , 3600x313 - 

n p developed = — — = 199 5. 

Allowing lor an efficienc} of 75 %, the heat diop per pan is 

3500 1 


1400 0 75 


— 3 335 0 H TJ 


Wlien the condition at a leaction pan is quoted it applies to the entrance to the pan 
not to the exit On referring this to the H(l> chait oi steam tables, H befoie expansion 
= 612 4 and after expansion this becomes (612 4—3 335) ^609 06. 

This heat chop is too small to manipulate on the chait normally supplied in 
exammalions, so take a larger diop of 10 o ff u , toi which the pressuie diop is I 5 lb 
persq m. 

3 335 

Hence actual diop=^ - x 1 6 === 0*5 lb per sq in. 


Alternative solution. 


Total heat finally =£s 600 = 

T so<>Lo 

mitially and during expansion = 1 781 = ^ 


By (1) in (2), 


1-701 1 609-(y,rj!g) 

178l-10g,2^g+ rjr 


( 1 ) 

..(2) 


Solvmg this traiiscendental equation by trial, 

!ra«5=345® a, 

corresponding to a saturation pressure of about 5 lb. per sq in , so the pressure drop 
is approximately 0*7 lb, per sq. in, 


so £ 
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^H.1. ’ ]. 

7 ] may be determined approximately from Zeuner’s equation t] = 1 -036+^0, i.e. 


0-97 

7! = 1-036+^ = M32. 


u XOtk 

A.H.D. 5-7 X 144 x 65-06 X 0-97 ll-ipj J (1} 


But A.H.D. per pair 
Equating 1 and 2 


_3500 
■" 0-75 • 

= 5*08 lb. per sq. in. 

Pressure drop = 0*62 lb. per sq. in. 


EXAMPLES 

1 , Work done and heat drop per pair, and condition, (B.Sc. 1929.) 

The blade angles of both fixed and moving blades of a reaction steam turbine are 
36° at the receiving tips and 20° at the discharging tips. At a certain point in the turbine 
the drum diameter is 4 ft. 6 in, and the blade height is 5 in. The pressure of the steam 
supply to a ring of fixed blades at this point is 18 lb. per sq. in. and the dryness fraction 
is 0-925. Find the work done in the next row of moving blades per lb. of steam, when 
the turbine rotates at 600 r.p.in., the steam passing through the blades without shook, 
Assuming an efficiency of 85 % for the pair of rings of fixed and moving blades, find 
the heat drop in the pair and the state of the steam at entrance to the next row of fixed 

■ blades, Ans, 2395 ft. lb. ; 2 o.H,u. ; 92-4 % . . , 

■ 2. Horse-power per pair and blade tip angle. (B.Sc. 1930.) 

' The discharge, angle of the blades of a reaction ttirbine is 20°. The axial velocity of 
flow of the steam is Q-6 of the blade velocity. Draw the velocity diagram for the turbine 
' ’ ' pair if the speed of the turhine is* 700 r.’p.m. and the mean blade circle diameter 3 ft., 

/ ; and find what shoidd be the receiving blade tip angle so that the steam shall pass on to 1 

the blades, withotftsho^^ , ' ■ 

^ ' If'tMblade hei^t be 3 M^and the state, of the steam at this pair be'25 lb. pe^f sq.in.,, 

; ; ;■ dr^ess G-98,,&d the horse-pqwer developed in the pair, . Ajjs, 45° ; I4;8 ' 
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If tlieadiabaticheatdropforthepair is5*65c.H.u. per lb., find the valueof its efficieney. 
Also, assuming that each pair in the turbine has the same efficiency, find the inteuial 
efficiency of the turbine, taking a re-heat factor of M. 

Ans. H.P., 166; Stage efficiency, 78%; Internal efficiency, 85*8%. 


4. Horse-power in pair and pressure drop, (B Sc. 1937. ) 

The state of the steam at entrance to a certain point in a reaction turbine is 0'(h5 dry 
at a pressure of 20 lb. per sq. in. The discharge angle of both fixed and mooring blades is 
20° and the axial velocity of the steam is 0-7 of the blade velocity. The blade height is 
6|' in., the mean diameter of the blade ring is 6 ft. 6 in. and the turbine runs at 500 r.p.m. 
Find the horse-power developed in the pair, and assuming an efficiency of 72 %, estimate 
the pressure drop m the pair. Neglect blade thickness and leakage. 

386; 1*5 lb. per sq. in. 


5. Power per expansion, pressure at end of expansion and blade height. 

(Ext. B.Sc. 1932.) 

The first expansion of a reaction turbine is to be designed for a flow of 10 lb. per sec. 
when supplied with dry saturated steam at 200 Ih. per sq. in. It is to have eight pairs 
on a mean diameter of 19 in. The speed is 2600 r.p.m. and the average value of 

~ leakage steam at aUrows is 8 % of the total, and the efficiency 

of the working steam is 85 %. The blading outlet angle is 20° for both fixed and moving 
blades. Determine the power, the pressure at the end of the expansion and the blade 
height. Am, 260 h.p. ; 148 Ib. per sq. in, ; 0-628 in. 


iili r ^ 
I ‘•i’J 

V f 


THE PEOVISIONAL DESIGN OF A STEAM TURBINE 

Even when it is intended to make a thorough analysis of a proposed steam 
turbine it is an advantage to have some simple method of quickly arriving at 
the general proportions necessary to achieve the desired result. 

As a rule the power required is known as well as the speed at which this power is 
to be delivered. Further, the economic pressure range is determined from the 
total cost of the boiler turbine and condenser plant compared with the probable 
thermal efficiency of the whole plant. 

^ The designer therefore know^ the pressure range, hut the possibility of using 
gearing allows him some latitude as regards rotational speed. 

. ^OF , „ . 

For direct driven electric alternators the speed m rvp.m. , where F is 

the frequency and n the number of poles on the machline, 

. On,mmne tfirhihes the i^eeld of thoproj^feher is fixed^ and sice very few firms 
ean cit te^h oh ^ wheel greater dl^pieter, and for engagement with 

'%jijS’Tfheel, for ixtahledoad, coOSomhts,’" the pMon should h^-Te a 

'^ar^'dter ndtless^thsi one jboilj/; 

■jgearig'j Sitiriorij 1^ . J ‘ 'i! 


-reduOtion 



1:51 The Thto) y of the Steam Turbine 

Poublo-i eduction give gieatei latitude, but in the past have been a 
source of tiouble 

Foi pov 01 up to 30,000 H p. piesent-day piactice appeals to favour 3000 r p.m. 
as suitable both tor land and maime service. 

Having fixed the I’otatioiial speed, a decision has now to be made as to the 
nuniber of cyhndeis to be employed. Foi high piessures it is almost obhgatoiy 
tu isolate the high-])re&&uie tuibuie in a steel casing of its own Moreover, the 
necessity of the niaehiuo to imi below the whiiling speed of the rotor imposes a 
definite limit on the beaiing centres, whilst the maximum rubbing speed of eaibon 
glands determines the diameter of the lutor towards its ends, and incidentally 
this again affects the whirling speed. 

With the object of distributing the load over several pinions, and reducing the 
length of the engine room, or meeting wide variation in power, two or three 
cyhndei machines are m general use at sea, whilst the improved thermal efficiency 
commends this anangement for land work, where — as a rule — ^the cylinders are 
placed in hne with flexible couplings between each. ^ 

For constructional purposes it is desirable to maintain a uniform pitch circle 
diameter (pod.) for the blades in h:.p. and l.p. machines, although exceptions 
to this are the first stage of the h P. ( if velocity compounding is employed, and 
therefore a high blade speed is essential for efficiency) and the last stage of the 
L.P., where a rapid increase in specific volume of the steam necessitates a large 
area, and therefore diameter, since centiifugal stresses prevent the blade length 
exceeding one-third that of the p c.d. 

Even this ratio involves the use of special steel and twisted blades, and dia- 
phragm plates, in order to maintain the velocity ratio constant over the length 
of the blade. 

With stainless steel the blade tip speeds may approach 1000 f.p.s., although 
high peripheral speeds aggravate erosion. Seven hundred f.p.s. is therefore a more 
usual figure for the speed at the p.c.n. of the later stages of impulse turbmes. 

Proportioning an impulse turbine. 

If the initial and final pressures are known, and a 10 % pressure drop is allowed 
^over the governor valve, the cumulative heat drop, jHJ., for the whole machine, 
maybe computedby multiplying the a.h:.p. by an assumed re-heat factor (approxi- 
mately 1'05). 

Except for the first stage, convergent-divergent nozzles are avoided, and this 
restricts the pressure drop, per stage, to the critical at maximum load. For this 
condition, in the superheated and supersaturated field, the heat diop per stage 
is approximately 50 b.t.u. 

Hence the minimum number of single stages where is the cumu- 

httive heat drop subsequent to the velocity compounded stages. 

*** parsons introduced Ihe double cylinder machine. 
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It has ulieady been ^ihowu tlial the ili.ioiain elli(ieiiov depends upon the 
\olocity latio {VE), hence tins shoukl be the tiiterion m desi^yn, For biii£»le- 
b\ickct wheeL, in machines of inodenite outunit, li has \aliio 0 * 4 b to 0 m 5 , 
hence, if iV is the speed m i.p ra., and D is the r c.d of the blades in m then 


Blade speed S = 
Steam speed 11 = 


irDN ND 

(i() X 1.2 ~ 220-3 

... .(1) 

A' XT) 

(2) 

{l’^)~ 229 Avuy 


But Vf — 'iOOsIrjh, \ihore 'tj IS the etticiency ol the nozzle, and li is the heat drop 
pci stage, i.e. 50 b.t tj., or 27‘8 c.H.u. for the superheated field. 


P: = 300jfx27-8 = ^^i_. (3) 

By assigning a value to vj, N and ( VM), D may be evaluated from (3) 


Blades and nozzles. 

To facilitate the construction of cast nozzles it is de&uable that their height 
(i.e. the radial width) should exceed half an inch , whilst, to ensure con*ect guidance 
of the steam over the blading, the blade heights, at the high-pressure end of the 
turbine, should not exceed the nozzle heights by more than a quarter of an inch, 
and at the low-pressure end by one inch. 

In standard practice east nozzle plates have about a 2 in pitch,*^ a discharge 
angle a of 15°, and are 0*116 in. thick. Towards the low-pressure end all these 
quantities are increased, a may he 30°. 

Eor the p.c.d. given by equation (3) these dimensions are almost sure to entail 
partial admission, especially on small machines, with its unavoidable windage 
and punohing-out loss, tor the first few stages. 

To ensure correct guidance of the .steam, some designers make the exit of the 
nozzle parallel for about \ in., the entrance angle of the blades about 3° greater 
than required by the velocity diagram, and the area through both the nozzle 
and blades about 6% more than theoretically required. 

From an economy standpoint it is desirable to make as many blades from the 
same rolled section as possible, so that the one section is often employed through- 
out the H.p. tuibino and in the first stages of the l.b. Hence a mean velocity 
diagram may be drawn for this portion of the turbine, and from it the stage and 
diagram efdoiency obtained. Of course empirical corrections must be made for 
vane, nozzle and disc fiction, and all of these corrections depend upon the con- 
dition of the steam at the particular stage. 

It is only after estimating the steam flow that the actual nozzle heights and 
the number of jets per stage can be determiiaed. For rough guidance a flow of 
9 lb. per shaft horse-power hour (s.h.p.) developed may be fairly easily achieved. 

* Built-up nozzles have a very much smaller pitch, about | m. in the first sta^. 
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Hiucc lurbine casings are split along tho centre line, it is imperative that dia- 
pliragnis, giving full admission of steam, should have an even number of nozzle 
plates, and to avoid bieaking h p. joints, when opening tho casing, the nozzles 
should be in the bottom half of the casing. 


To determine the nozzle height and number of jets. 


Let w be tho steam flow in lb. per sec., 

A be the area for flow through the nozzle in sq. ft., 

V be the specific volume of the steam, in cu. ft. per lb. for this stage, 
PJ be the velocity perpendicular to A in f.p.s. 


Then 


w 




From p. 424, 


A = sq.ft., 

V 

w = ■^(^sina“i)^xn, 


( 4 ) 


where p = pitch of nozzle plates of thickness t, li ~ nozzle height, cl = nozzle exit 
angle, n == number of jets, 

_ „ 8 ttDN 

^ “ 7WW\ ” a(\nrm • (^) 


By (6) in (4), 


w 


(VB) m{VB) * 
ttBN 


(psina'-t)/m. 


.( 6 ) 


60(F2?)v 

For partial admission all the quantities in (6) are known with the exception of w. 
For fall admission n =5 7rH/p, whence h may be determined, thus: 

ttDN , . 

= F n/ i 7 p\ ~ " (P sm a ~ . 

60(FjK) V T 

Ignoring t in comparison with p sintx, for the later stages, 


TT^D^Nhmia 

4/1 - 

60(Fi2)i» ^ 

The last stage of the low pressure turbine usually presents the greatest diffi- 
otiity in design and construction; on this account it is interestmg to examine 
the above equation. 

For ordinary construction J a-ud 700 ft. per soc., whence 


n^JD^NhmnoL ^ UO^rD^sina 
eO(PB)o “ (KB)v • ' 

ionoug oth^r things the power developed by a turbine depends directly on w , 
The equation, shows that ^ is most sensitive to changes in D, although the 
of D is determined once N is decided on. 
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Tlic velocity ratio of reaction tuibinch is almost double that oi impulse tur- 
bines. For this reason a for reaction turbines is about 50^ compared witii 
approximately 35® for im])ulfee turbines 
The specific volume v at low pressures increases rapidly with a leduction in 
pressure; high power high vacuum turbines are therefoie moie dilficult to design 

than medium power high pressure turbines. 

» 

Variable velocity ratio. 

In an actual turbine the velocity ratio varies, because of velocity compounding 
and the restricted blade height at the low-pressure end; so that design is hardly 
as straightforward as for a pressure compounded turbine having a constant heat 
drop per stage. However, using the velocity ratio as the criterion of design, we 
have, from equation (3), 

K = = (8) 

. ^ ^ V _ / y /NDy 1 

“ “isoo; (229-2(FJS)x300/ "" \Fi?/ 4-74x10’’ 


where tj = the nozzle efficiency, and h is the heat drop per stage in o.ii.u. 

To simplify construction D was frequently kept constant, although modem 
machines are flared. When D is constant may be replaced by the turbine 

constant Z, which is known to designers as the “/iT value of the stage 

K 




1-74 \FJK/ • 


Extending this expression to the whole turbine 


For a flared turbine 


K 




4-74L(7Si)^ (Fi? 


b-]- - 

By assigning an average value to ^,t and taldng \ + h^‘jrh 3 + ... - 


( 9 ) 


1 r 




K. 


: + ■ 


IL 


fj cumulative heat drop 


K 




J 


(10) 


4-74L(Fi2i)2 

Knowing the pressure range, the re-heat factor, y, and the velocity ratio, the 
number of stages may he evaluated from the above equation. 

If (VM) were constant throughout the turbine, the number of stages would be 


given by 


^?H,4-74(FjR)a 

K 


( 11 ) 


* Sir Charles Parsons introduced this quantity, which is often known as “Parsons’ 
ooeifioient”. 

t For the h * p . iurhine to 94 % when using superheated steam j for the l . v . turbine • 
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Ex. Provisional design of geared turbines for a merchant ship. 

The turbine machinery of a twin-screw vessel is to develop 5200 S h.p. for a steam flow 
of 8-75 lb. per s.h.p., a propeller speed of 90 r.p.m,, and a gear ratio of 40, Initial con- 
dition of steam, 200 lb. per sq. m. gauge, 110° C. superheat. Termmal pressure, 1 lb. per 
sq in. absolute. Determme the leading dimensions. 

For reasons given on p. 454 each turbine will have two cylinders developing equal 
power, but before we can estimate the number of stages per cyhnder we must obtain 
the H p. exhaust pressui-e to give equal power, thus* The total a.h.d. = 216 c.h.u., so 
that roughly 108 o.H.ir. are released in the h.p. turbine, and reference to the chart 
shows that the terminal pressure in the h.p, for this heat drop is approximately 23 lb. 
per sq. m. absolute. 

If we assume a re-heat factor of T04 for the h.p. turbine and 1*06 for the l p., 

for H.P. - 108 X 1*04 = 112*3 o.h.u. 

For reasons given on p. 413 the fii«t stage will consist of one double-bucket wheel, 
for which we may take (7i2) as 0*23, and for the succeeding single-bucket wheels as 0*46. 

From p. 457, ^ 1 T 1 , 1 1 

Let n be the number of stages in the h.p. turbine, then 

1 r 1 , («-in 

4-74L(yi^i)^’^(02)^J* 

Taldng tj ^ 0*9 and 37 == 40 x 90 3600 r.p.m., 


■(1) 


'fjSo — j ^ 


0-9 X 112-3 


36002 xD2 1 


r 1 , (^-1)1 

;Lo-232"^ 0-462 _ • 


10® ''4-74L0-232 

We are now at liberty to choose either D or w, for the above equation shows that we 
could have a small diameter and a large number of stages, or a large diameter and a 
small number of stages. Actually the whirling speed and cost determme the largest 
numbeif of stages for a given shaft, and, m the absence of previous experience, it would 
have to he evaluated in the provisional design. The smallest number is determined by 
E 

o.H.Tr,, if convergent-divergent nozzles are to be' avoided. 

If we take n as 9, then , 


0-9 X 112*3 X 106x4^74 
JJ» = V, ^ =a 652. 


26995^ r ^ -J 

8 1 

L.O -232 ' 

a*462j 


D = 25i in. 


. The ot the l,p, turbine is determined by the area required to pass the steam 
through the 4ast row of blades, and this involves a knowledge of the terminal dryness 
fraction. This we may take as 0*9, since the superheat would be chosen, to maintain the 
fairly dry 'in the n,p. and tWeby limit the effect of erosion (see p. 494). 


per sec. 


(TO)'^P‘46; sMendehy^ equatiohffli . 

if ^ S' i'' ^ 





5-S 


1 
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With this diameter and rotational speed the blade speed 


TT X 30 X 3000 


12x CO 


471 f.p.s. 


471 y— 

steam speed = = 1023 f.p.s. - 300 V?/ A. 


046 


'fjli = 11-65, and with tj — 0-9, 


h = 


1 1-65 

'O-O 


13 C.H.TJ. 


The heat drop is withm the critical pressm-e range, so that only convergent nozzles 
are required. 

To determine the number of L.p. stages we have, by equation (11), p. 457, 


n = 


108 X 1 -06 X 0-9 X 4-74 x (0-46)2 ^ lo^ 
36002x302 


9 stages. 


Ex, Low-pressure turbine. 

A low-pressure turbine consists of six single-bucket wheels each 34 in. p.c.d. The 
nozzle height of the last stage is 3J in. and the turbine runs at 4000 r.p.m. 

If the imtial and final conditions of the steam are 26 lb. per sq. in. and 190° C. and 
0-8 lb. per sq. in. absolute, the steam flow is 265 lb. per min. Re-heat factor = 1-05; 
nozzle efficiency 80 %; efficiency ratio 70 %. Determine 

{a) The power developed. 

(6) The velocity ratio, if it is the same in all stages. 

(c) The state of the exhaust steam, the terminal loss and the discharge angle of the 
last nozzles. 

You may neglect the thickness of the nozzle plates. 

Since 0-8 lb. per sq. in. is not shown on the H(j) chart, the a.h.I). and dryness fraction 
must be obtained from steam tables. 


Temperature of steam initially =» 190° C. 

Saturation temperature at 25 lb. per sq. in. ~ 115-6 
Degree of superheat ;= 74*4° C. 

Entropy == 1*806 

Total heat initially = 683-1 

^ 307-7 X 1-806 = 5g;5 

• 127-6 

(?2 at 0-8 lb. per sq. in. ~ 2-1 

A.H.D, == 129-7 


Setting this length off on the chart and allowing for an efficiency ratio of 70 % 

gives a re-heated dryness of 0*97. 

, , \ 0-7 X 129-7 X 266 x 1400 , 

KP. developed « — ~ WJd. 


JLf ^ *1 


33,000 

Hozzls efiloienoy x Oom^tive lusat drop = 

... ,'w.' 4ooo»x3*f>;. iron',, 

, , ^ 0-.8><12ft-7?<l‘05^ i, ioi-;. ‘ 



The Theory of the Steam Turbine 

To obt im ilie tciminal Joss and the dischaige angle of the last nozzle. 

Stride eftciency = 7 ], = ^- = 0 666. 

But tj, = Nozzle ehicLoncyx Diagram efhcienoy. 

ffi 0 666 „ „„ 28Vt 

Diagiam erfioienoy = 0 833 = 


08 


F! 


0 833 = 2 


/. Vi = 




0 833 


2 x 0 464 


xV.^Om. 


Taking Vt = 10, Fy = 9 and 8 — 4*64, a velocity diagram can be constructed, if 
the fiiction loss on the blades is ignoied and the blade is regarded as symmetiical. 

2F,^cos/? = 9, *•••(!) 

F^, smyd = 10 smaj, (2) 

F„ 008^4-4*64 =s 10 cos a (3) 

20 

By (2)/(l), tan/? = sina 

By(l), F^.jCOByff «40. 

(3) becomes 9 14 « 10 cos a. 
cosa = 0*914, a^24‘^. 



<y “ 4 64 


Fig 244 


With K « 10, 


FJ = (F» sin a)2 + (/Sf - F^^ cos /d)*. 
FJ « (4*06724-0*14^) = 16*57. 


Specific volume of steam at 0*8 lb, per sq, m. = 411 ou. ft. per lb. 

TT X 34 3*6 

Neglectmg the thickness of the nozzle plates, the area for flow = x - 2*693 


sq. ft. 


12 12 


/. Axial velocity 


X 411x0*97 


= 680 f.p.s. 


60x2*593 

680. .% F,=:: 1670f.ps. 

= 0*1667, F® = 16702x0*1657. 


F^sina 


Termmal loss in o H.ii. per lb. of steam 

_ F; __ 16702x0*1657 
2gJ 2 x 32*2x1400 


5 12 c.H.ir. 


Proportioning a reaction turbine. 

In a reaction turbine is generated by a heat drop h in the blade together with 
the kiaetic energy in the carry over steam. 

If ^ is the eMoienoy of each blade ring calculated on the total available energy, 
then ^ F® / F3 \ 
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But irom p. 4U, and by equation (2), p. 445, 


4Gi 


V‘ = 


8 


COba+ 1 . 


Bor a maximum efficiency 




T 


^ = cos a. 


Vt = 


1 


-I 




By (3)111(1), 


1 e. 


C0b“a 

F“ = 2qJ )}h + fcan^ a,, 
(c^a) ~ ^ ~ 


( 2 ) 

(3) 


Let H be the cumulative heat drop per expansion and {NE) be the total number 
of lows of both fixed and moving blades m the expansion; ttieii 




H 




(NEY 


.(5) 


By (6) in (4), 


cos 




Hence the number of rows (NE) (for the best velocity ratio) ib 

( 2gJifj cos^g 
-) (1— 57 silica) 


H X 2gj7j cos^a 
" IND \3 
\229-! 


...(G) 


5/ 


The heat drop H per expansion is determined from the condition that the 
pressure ratio t 'a* i 

pressuie per expansion 
Terminal pressure per expansion 


should not exceed 1*6. 

The revolutions of the turbine are more or less fixed by the purpose for which 
the power is required, whilst the diameter D depends mainly upon the allowable 
skin speed of the drum. This varies between 260 and 360 f p s., although these 
values may be doubled by employmg separate discs and steel blades. 


Ex. Determine the number of rows of blades in the first expansion of a high-pressure 
reaction turbine, given: Initial condition of steam, 200 lb. per sq in, absolute, 200® B. 
superheat; exhahsfc pressuie, 21 lb. per sq. in. absolute, rotational speed, 3200 r.p.m.; 
estimated pitch ourole diametei, 16i in. 

The pressure ratios per expansion are 

Pi Pi Pi 

MuHiplying iliese together, }• (l-S)® » ^ , 
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The nnmboi of expansions n is appioxmiately 6 and Pa — 137 lb pei sq m 
Heat clio]) fioui 300 lb. per sq. m at 200“' F. to 137 lb per &q. in is approximately 
40 B T.TT. 

Foi normal hlados the exit angle is 20°, which gives the best velocity ratio, cos a, 
as 0 0397, the blading efficiency rj for this ratio being about 0*88. 


Number oi lows = 


40 X 644 X 778 x 0-88 x (0*9397)3 


il5'5x3200y 
^ 229*2 / 


(1- 0*88 X 0*3422) 


In pi aetice this number would be far too great to be accommodated on the rotor 
without causing it to whirl; so, at the expense of efficiency, the velocity ratio might be 
reduced to about 0*6, with a reduction m efficiency lo 0*8 and m the number of rows to 
about J2. 


Steam flow through a turbine. 

Since a turbine is but one large nozzle the steam flow is independent of the 
terminal pressure, so long as this is less than the critical, and is given approxi- 
mately by 

V)- K J “lb. per sec., (1) 

where p is the pressure in the high-pressure nozzle box, and v is the corresponding 
specific volume, K being a constant. 

The usual method’*' of controlling the power output of a turbine is by throttling 

the steam supply to the nozzle box, and since a linear relation exists between the 

product pv and total heat then in a throttling operation with II constant 

pv is also eonstant.t , ... 

^ ' . . pv = c; ( 2 ) 

whence by (2) in (1), ^ 

Hence the steam flow is directly proportional to the nozzle box pressure. 
Advantage is taken of this for making the regulation of turbo feed pumps 
automatic by taking a tapping offi the main turbine, where the pressures and 
temperatures are more appropriate for this auxiliary. 

For machines subject to wide variations in load, throttle control is augmented 
by nozzle control, in which the number of first-stage high-pressure nozzles is 


* To avoid the throttling loss sometimes the number of nosszles supplying the steam is 
varied, and in reaction turbines an impulse wheel is often fitted for this purpose. For a large 
reduction in power it is customary to fit, in naval craft, a cruising turbine, which is either 
disoonnectod at full power, or run in a vacuum, 
f Oallendar’s equation for the specific volume of auperhod-ted steam is 


P 

With H constant, as in a throttlhig operation, pvsat* 
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vd-ried, even with throttle goveining overloads, aie mot by pabtiing a> ])oition of 
the btcani to later stages, so as to iucieasc the iminber of hiah-])rcssuie nozzles 
and thereby the steam flow. 

Governing, 

The object of a governor is to maintain the speed of the turbine constanl 
iriespective ol variations in the load apphed to the tiu'bine. 

For this purpose a centiifugal governor, driven by worm gears at a speed less 
than that of the turbine, is usually employed to operate a double beat vah e 
(see p. 236), which throttles the steam and reduces the steam flow , as shown on 
p. 462. 

In small machines a mechanical linkage couples the governor to the valve, bni 
in order to augment the effort of a small governor, to produce rapid response, 
and also to render the centrifugal governor applicable to large machines, an oil 
relay is used to replace the mechanical linlvage. 

As a protection against accident to the turbine in the event of abnormally low 
lubricating oil pressure it is usual to connect the oil relay with the lubricating 
system, so that the relay acts as both a speed control and a safety device. 

The remarkable precision with which turbo-alternators are now governed 
(electric clocks run off them) reflects great credit on the design of the governor, 
its connecting mechanism with the Warron clock and particularly the double- 
beat valve. 

Blading'' . 

Blades may be considered to be the heart of a turbine, and that all the other 
members exist for the sake of the blades. Without blading there can be no power, 
and the slightest fault in blading means at the best a reduction in efficiency, or 
at the worst lengthy and costly repairs. 

Experience has shown that little more can be done to improve the shape 
originally adopted for blades, in which the cross-section is made up of arcs of 
circles, and straight lines. Recent advances in blading have been directed to the 
use of better materials for withstanding the high temperature and the high stress 
conditions, and to chamfering and rounding the flat faces. 

Materials. 

The materials available range from brass, bronze, manganese copper, monel 
metal, mild steel, nickel steel, stainless and austenitic steels, and stainless iron. 

The selection of the material is governed by 

{») The ability to produce the blade section &ee from flaws. 

0 (b) Ease of machining. 

(c) Cost. 

* 0. B. Gibb, “The influence of operating experience on the design and construction of 
turbines and alternators”, Joww, Xmt. Mng. Australia, 
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[d] Ductility to allow of rolling to shape. 

(e) The tensile strength of the material at high temperatures. 

(/) The ability to resist corrosion due to COg and oxygen attacks and chloride. 
(g) The resistance to erosion in the late stages of the low-pressure turbine. 

{h) The capacity for being brazed or welded. 

For modern high temperatures and pressures the non-ferrous group are un- 
satisfactory owing to the reduction in tensile strength with temperature. 

Taking all factors into consideration, low carbon stainless steels appear to 
satisfy the previous conditions. 

Production of blades. 

The following are some of the methods adopted for the production of blades: 

(1) Sections are rolled to the finished size and used in conjunction with packing 
pieces. This method has the advantage of cheapness combined with material of 
uniform quality, since rolling elongates any flaws in the direction of the length of 
the blade. Such defects therefore will hardly weaken the blade when under 
combined bending and centrifugal force. 

(2) Blades are sometimes machined j5:om rectangular bars. This method may 
also claim the same advantages as (1), but to a lesser extent. 

(8) The use of drop forged blades is not to be recommended, because internal 
flaws are not elongated along the length of the blade in manufacture. 

(4) Extruded blades, in which the roots are left on for subsequent machining, 
are not as reliable as rolled sections, because of the narrow limits imposed on the 
composition of the blade material by the extrusion process. 

Low-pressure blades . 

Since the output of a turbine is governed by the area through the last row of 
, ‘ ' blades it is obvious that this should be as large as possible, which means that the 
> blades must be long or the pitch circle diameter great. 

' A long blade is objectionable because 

’ (a) The space between adjacent blades miay increase so much from the root to 

' the tip as to affect adversely the'steam flow through the blades. 

' ' ■ V . (j5) The bMe -speed varies ftom ropt to tip, and if the steam is to flow on to , 


y f 
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Hollow blades. 

The ideal blade is one which, whilst giving the most efficient control to the 
steam, is at the same time uniformly stressed. These conditions are satisfied by a 
hollow blade, which has been developed by Parsons (see Pig. 245). In addition, 
hollow blades do not impose such severe stresses in the rotor, and therefore 
increased speed, leading to increased output, is possible. 




SeorioN Throush Buaoe 

Middle of Blade 



Vertical Section Throuoh Root 


Pig. 245. 


With a view to reducing stresses in low-pressure blades, Messrs Metropolitan 
Vickers make the blade tapered and incline it to a radial line, so that centrifugal 
force tends to offset bending due to the steam reaction on the blade. To obtain an 
axial disdharge over the whole length of the blade, the blade is macliined in the 
form of the frustum of a cone, which gives the blade the appearance of being 
twisted. This satisfies the previous conditioii, and simplifies machining. 


Blade rooting. 


In Parsons’ turbine the blades are attached to the drum or casing by serrations 
which have a strength almost equal to the breaking strength of the blade. The 
, ' advantage of this rooting is that the blades can be inserted in the groove at the 
position they are to occupy, and then be twisted into their final position. Impulse 
; blades wjth, Tee section, roots must be tlireaded along the groove from an enlarge* 
; mentjn the, groove at a point along the oircumfwence of the ^ disc, a specially 
shaped .stopper , blade being used, to ffll the gap and' domplete the 'blading. 

, ^e^eht dsty hiarm^ practice i^ to the blades together in segments whieh are 

- ’ caulked 


$0 
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For larger blades running at high speed it is claimed that the Rateau type of 
rooting has greater strength. In its simplest form the blade is forked and fitted 
astride of the rim, being secured in this position by rivets. To secure long blades 
multiple forks are provided. 



Cover. 



Tee section rooting 



Bateau type of blades 
Fig. 246, 





Pitch 


To ensure that every particle of steam is turned through the desired angle, 
cover must be provided to nozzles and blades 
alike (see Fig. 247). This overlapping of the 
blades is a minimum at the greatest radius, so 
that it need only be investigated for this point. 

iShrouding. ' 

To. provide stiffness against vibration, and 
, give^oorreot guidance to the steam, it is usual to 
' iae^the outer ends of th® blades' together by a blaoeAngwe 
pei^ratediifobon of metal known as a sliroud, ‘ ^ 
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Turbine glands. 

Glands are provided to limit the leakage of steam, or, in the case of the low- 
pressure turbine, the leakage of air through the clearance space which separates 
the rotor from the casing. 

With the high pressures and speeds that exist to-day the design of a gland, of 
small dimensions, that will drop the pressure one htindi’edfold without meclianical 
contact and without much leakage is a problem of some magnitude. 

There are three main types of gland in use, namely the Labyrinth, the 
Carbon ring and the Water -sealed gland. 

(A) Labyrinth gland. The labyrinth gland was the invention of Sir Charles 
Parsons, and examples of this type are shown in Pig. 248. It is a gland which has 
survivedthe test of time, and is used more extensively than any other type. 

As its name implies, the gland consists of a series of intricate passages (laby- 
rinths) which are designed to destroy the kinetic energy developed by the steam 
leaking through the clearance space. In consequence of this conversion of 
mechanical into thermal energy in the expansion chambers E a pressure drop is 
essential to initiate a fresh flow of steam through the clearance space C from one 
compartment to the next, the sum of the pressure dx’ops being equal to the pressure 
difference over the complete gland. As the subsequent elementary theory will 
show, the larger the number of expansion chambers, the smaller the pressure drop 
over each and therefore the smaller the leakage. 


Elementary theory of labyrinth packing. Thermodynamically the gland 
wire draws the leaking steam, and since in this operation the total heat remains 
constant, Callendar’s equation for the superheated region becomes 


V = 2*2436 ^^^ — ov pv^o. 

For an elementary drop dp in pressure the work done per lb. of steam ~ vdp 
and this creates velocity F, so that 


72 

¥ 


—vdpf 


.( 1 ) 


dp being negative in itself. 

~ If A is the effective leakage area in sq. ft., then the leakage of steam in 
lb. per sec. ' ^ , . , ' , 

( 2 ) 


V 


w 


,...(3) 



By (l)iJi (3), 
But 
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— 


pv - c. 

* * i; c’ 


whence 




AHg 


pdp. 


For a complete gland there are n throttlings to produce a pressure drop p^ to 
p^, each elementary pressure drop giving a discharge of lb . per sec. Although this 
discharge passes in series from one opening to the next, yet at each enlargement 
the velocity is destroyed and the flow has to be re-started, so that with n openings 
.we have really started a flow of nw lb. per sec. 


nw^^- 




pdp 


gA^ 




to 




•( 4 ) 


From equation (4) it will be seen that the requirements, in order of importance, 
for a small leakage loss are 

(1) The leakage area should be a minimum. 

(2) The pressure drop should not be large. 

(3) The number of throttlings should be large.*®* 

The practical requirements are 

(1) The gland should he non-corrodible, and capable of withstanding the 
■ temperature' to which it is to be sub j eoted. 

(2) To avoid destructive heating in the event of accidental contact bf stationary 
and moving parts, the throttling edges should be thin, the material should wear 

' rapidly, and the resulting expansion should tend to separate the parts. 

; (0) The gland should not add materially to the length of the bearing centres, 

’ atixeiyrjse the, whmjing speed of the shaft will te' seriously reduced, or, if the shaft . 
t is, evened tO' avoid.this, the gland leakage area, will be increased; 

I j ' ' ' J , '•'*,/ ' V , ' " • 

' ‘(4) The , gland' strips shopld.be’ arranged to .destroy, as fe as possible, the 

tjt— Ai.i« ye:^gon tlie, openings 
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(5) On the high-pressure glands it is cjistomary to limit the leakage of the 
steam into the engine room by fitting a leak off pipe, part way along the gland, 
which bleeds the steam from the gland to a stage in the turbine where the pres- 
sure is never less than atmospheric, or alternatively this steam may be used to 
pack the low-pressure gland against aii’ leakage into the condenser * 

Types of labyrinth glands . There are three main types of labyrinth glands : 
the radial, the face, and the combined type. 


Shaft Shaft 



Radial Type Face Type 

Fig. 248. 

The radial type was the first to be employed and is still useful where the axial 
position of the rotor is a doubtful quantity, or where the pressure drop is small. 

The face type has the advantage that, when adjacent to the thrust block, the 
clearance may be smaller than with the radial type, and further, centrifugal 
force tends to resist the leakage, provided the flow is in the direction indicated. 




470 The Theory of the Steam Turbine 

To meet modern conditions whicli sometimes require a pressure drop of 1500 
per sq. in. over a length of 10 in. Messrs Metropolitan Vickers have introduc 
the gland shown in Kgs. 249 and 250. 



(o) Section of typical high-pressure gland. 



(b) Section of typical low-presaure gland. 
Pig. 250. , 


, This gland has been designed to ensure’ a maximum baffling effect in a mirdmu 

length of shaft^and is sp arranged that, if the moving and stationary parts shou 
’ ' ' ' touch; the thermal: expansion of the elastic stationary part will be more rap 

^ than that, of the moving part, and contact will be relieved. Any abnormal radj. 
^ . ' movement df the} shaft is; allowed for by > causing the , segment to float under tl 
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spring vliicli causes them to hear lightly on the shaft. Rotation of the rings is 
prevented by a pin carried in the split cast-iron casing into which the rings are 
fitted. 



Fig. 251. Carbon gland. 


The gland is quite good for speeds not exceeding 80 f.p.s. and where the steam 
isnot superheated. With special carbon, speeds of 120f,p.a., and moderate degrees 
of superheat, can be dOalt with. 



1 
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Although water forms a positive seal against leakage, once full speed is attained, 
yet it camiot withstand considerable pressure differences and a large amount of 
power is absorbed in fluid friction which causes the water to boil. As the water 
boils away it must be renewed with fresh supplies of w^ater, which should be 
distilled, otherwise the gland wUl become choked. 

One incidental advantage of water-sealed glands is that they prevent the con- 
duction of heat to the bearing. The gland is not to be recommended on turbines 
which have to be started and stopped frequently. 


Theory of the water -sealed gland. Let water of density p revolve at angular 
velocity o) radians per second, then since water in equilibrium caimot resist a 
shearing stress, tangential and radial pressures will be equal, and considering 
the equilibrium of an elementary block 
(Mg. 253): 

Outward force 

dO (i)^r 

fr dddz-hpdrdz^mji-^ + irddd/rdzp)". 

Inward force 

ip+dp) {r-\-dr)d6dz. 

Equating these two forces, and ignoring 
terms of the second order, 

dp = ptohdr. dp ~ rrfr, 

Jpi 


and 


P 0 -P 2 = 


Po-Pi = 

pci)^ 


2 

(Ri-m 



DlapllLragms. 

In the high-pressure turbine, where pressures and temperatures are high, the ' ' ’ 
^aphragms are uau«tlly built up from steel, the nozzle plates being machined and 
attached to the centre disc in much the same way as the moving blades are : 
y' attached, 

, ' The upper diagraiu Fig.>.25i Ulusitates ,a diaphragm, of this, type made hy 

‘ / Meti:op61iian Yickiefs, whilst the lo“wer, dia^am Pig: 254 j^ows half of a low- 
, , prpj^Sute diaph|^na,4he guidei, blades in tin type being cast in, ‘ ' . 

t0| 1^0/ 'J 

a. number, d£ ludustEies^i' 



' 'i' 'V: 
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thermally more economical to generate high-pressure steam, and to expand this 
steam to the pressure required for heating, by allowing it to do useful work in a 
turbine; rather than to use low-pressure heating boilers. 

For the former method to have economic possibilities a relation must exist 
between the power and the heat required, and also account must be taken of 
the degree of fluctuation of the load. 

In general, if the process steam is of sufficient quantity to develop 25 % of the 
power required, then a pass-out turbine is indicated. 



y|^ 



Fig. 254, 


Fig. 205 shows ,that a pass-out turbine virtually consists of two turbines on a 
, common spindle. The bi^h-pressur©. section drops the pressure from that of the 
boiler , t(5 tbat re'c(pired for the heating prooess^ yrhpst the. -low-pressure section 
„ . J in the ^process: work, but which must flow in 

, . order iof develop f-he require powet^ down to, condenser pi:essu;ce* 


^VvV{jfejeum'|^lqhei*i'ohria%^^ i^teain must, be deflected; through 'to low-' 



47-1 


TliP TJuory of the Steam Turbine 


piessure tuibine in older to limit the temperature created by disc friction and 


windage in this section. 


BOILFR PRESSURE 



Fig. 255. Longitudinal section of pass-out tuibin© showing position of sliding disc. 


Since the power and speed of the turbine, as well as the quantity of process 
steam, are controlled by extraneous conditions, whilst in the turbine the two are 
more or less related, it is obvious that some special form of governing is required 
This usually takes the form of a sensitive governor which controls the admission 
of steam to the high-pressure section, so as to maintain constant speed regardless 
of the power or process requirements. 



Fig. 266. Cross-sectional dramng of pass-out turbine showing shdmg disc, which controls 
the steam flow to the low-pressure turbine. 


A separate governor is provided to control the admission of steam to the low- 
pressure section. If the demand for process steam increases, this valve closes some 
of the low-pressure nozzles, with the result that the speed drops. To compeusate 
for this speed reduction the high-pressure governor opens up more high-pressure 
noi^les until stahfe conditions again obtain, the pressure of the process steam 
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beiiicj Tuaintainecl bcnsibly constant. For clieapncsb throttle Vfdvcharo sornetiiucs 
ejii ployed to etiect tliCKe operations, but they cause a logs of useful energy m 
thenibelves and in the turbine also. Even with the besi control a pass-out t m bine 
IS not highly elHcient, because it is usually sjnall in size and has to opeiate over 
such wide variations of load. In the design of plant, tlicreluie, tho probaljle 
ojjorating design conditions must be cai dully select ed. 

For etficienoy tho process steam should leave tho tuilnne at about 15 to 20 lb. 
per sq. in. absolute and cairying about 50° F. sujieihoat, so that it will be diy ou 
anival at the heaters, which themselves, theoretically, su[)])ort very lit tie pressure 

For general economy with small powers (2000 kW) tho boiler pressiiie should 
not exceed 300 lb. per sq. in., and if we assume a turbine internal cftieiency of 
75 %, the degree of superheat to give a permissible wetness at the exhaust of 
about 12 % may be obtained from the Mollier diagram. 

(2) The back -pressure turbine. If the whole of the steam required in 
process work passes through the tuibine, we have what is know n as a back- 
pressure turbine. With a view to obtaining increased speed some ships have 
recently been fitted with one high-pressure boiler which supplies a high-speed 
back-pressure turbine that exhausts into the installation oiiginally supplied.'^ 

(3) Low-pressure turbine. If a continuous &u])ply of low-pressure steam is 
available — ^for example, from reciprocating engine exhausts — ^the efficiency of 
the whole plant may be improved by fitting a low-pressure turbine. 

If the supply of steam is intermittent, as in the case of winding or rolling 
engines, some form of heat accumulator is required to level out the supply with 
the demand of steam. 

Even the capacity of a heat accumulator is limited, and when the supply of 
low-pressure steam falls below the demand, live steam from the boiler, with its 
pressure and temperature reduced, is used to make up the deficiency. 

The pressure drop may be secured by a reducing valve, or, for large flows, 
more economically by a turbine. By combining the high-pressure and low-pressure 
units on a common spindle we have a turbine which, in appearance, resembles a 
Pass-out turbine, but actually it receives steam instead of passing it out, and 
because of the two supply pressures it is known as a Mixed pressure turbine. 

* In 1845 P. McNaught of Bury, Lancashire, increased the power of existing beam 
engines by tho addition of a high-pressure cylmder which exhausted to tho original oylmder. 
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EX-^M^LES 

1. Profile of a tapered blade. 

yiiow to obtain uniloini clibinbution of stress in a tapered turbine blade, the 
cioss-s(.otional aiea (-4) of the blade must vary with the ladius R according to the 

log A =B-CR‘, 

B and U being constants. 

X. Cross-sectional area of tip „ , 

Obtain the value of the ratio 7 , j 7 tor a blade 15 in. long of 

Cross-sectional area 01 root ° ^ 

density 0*28 lb. per cii. m. when levolving at 3000 r.p.m. on a mean diameter of 55 m. 

Allowable stress 10 tons per sq. m. 


2. Labyrinth gland. 

Obtaui an expression for the steam flow through a labyrinth gland, and apply it to 
estimate the leakage through a gland having 20 constrictions, if the clearance between 
the packing and the 10 m. diameter shaft is 0*01 in. At one side of the gland is diy 
saturated steam at a pressure of 100 lb. per sq. in., at the other side the atmosphere. 
You may take the coefficient of discharge as 0*6. 

3. Back-pressure turbine. (B.Sc. 1940.) 

A steam turbine is required to generate 2000 horse-power, using 30,000 lb. of steam 
per hour. The exhaust steam is used for process heating, at 20 lb. per sq. in., and the 
steam leavuig the turbine is to be dry and saturated. 

Taking the internal losses in the turbine as 20 % of the available adiabatic heat drop, 
determine the pressure and temperature at which the steam should be supplied to the 
turbine. 


4. Throttle control of a pass-out turbine. 

The low-pressure part of a pass-out turbine is throttle controlled, and under M 
load conditions its six stages receive dry saturated steam at 20 lb. per sq. in., and 
expand it to 1 lb. per sq. in. absolute with an internal efficiency of 70 %. Obtain the 
stage pressures at full and half load, and estimate the work done per lb. of steam by 
the first and last stages. 

5. Air turbine. 

An auxiliary drive on an aeroplane is provided by an air turbine, the casing of 
which is partially exhausted by a venturi nozzle carried on the wing. The nozzle 
produces a depression of 3 lb, per sq. in.,* and exhausts 200 cu. ft. of air per minute 
at State of air entering the turbine 14*7 lb. per sq. in. 17® 0. Speed of turbine 
10,000 Determine the proportions of the machine, the power developed and 
the efficiency. 

Am> P.O.D. 6J"; nozzle height i"; pitch T'; 8 jets. 60 blades nozzle angle 18®; 
blade angles 40®; 1*78 b.h.p.; efficiency 68%. 


r 
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CHAPTER XV 


MODERN DEVELOPMENTS IN TURBO POWER PLANTS 

The main object of developments in any bianeli of engineeiin<^ is to reduce the 
total costs (initial maintenance, running, etc.) without saciitice of lehability, 
and it is the progtessive increase in the co^t of fuel that ha'^ emphasised tiie 
definability of high thermal efficiency. 

Now with power plant the economic performance is not icstricted to tlie 
turbine, the boiler, various heaters, eondensor, and alternator (in the case of 
electric drive) all participate and will be considered in tins chapter. 

Improvements in the turbine. 

During fifty years’ experience with turbines most of the outstanding impiove- 
ments that could be made on the blading and the nozzles liave already been 
effected; so for any further improvement in performance the thermodynamic 
cycle must be explored. 

Improved thermodynamic cycle. 

It has already been proved that the highest thermal efficiency is obtained 'when 
an engine operates on the Carnot cycle, and that this efficiency depends upon the 
temperature range over which the working fluid operates. 

Increased temperature, however, causes greater difficulty with the materiala 
of construction than increased pressure; so that at present the Rankine cycle, 
which operates between two constant pressures rather than two constant tem- 
peratures, is universally employed. 

In Eig. 257 the two cycles, when using saturated steam,* are compared, and 
it will be seen that by removing the hatched area from the Rankine cycle we have 
the Carnot, 

In practice this removal is effected by what is known as Stage, Cascade or 
Regenerative feed heating, f a process which was invented by Ferranti in 1906, 

Ferranti realised that the bulk of the heat, represented by the hatched area, is 
heat which is normally lost to the condenser, and that if a portion of the exhaust 
steam were deflected through a feed heater, before it reached the exhaust tem- 
perature ^ 2 , the heat represented by the area MDGF could be conserved. More- 
oifer, by tapping off still earlier in the expansion BG, the feed temperature could 
be elevated to the evaporation temperature Ti by stage condensation in feed 
heaters but at the expense of the mechanical work represented the triangle 
ABD. 

In jflict, in an ideal machine, where no temperature difference is required to 

* Saturated steam is taken, because to superheat the steam at constant temperature 
(to satisfy the condition of supplying heat to the Carnot engine) would involve a fall in 
pressure, and in practice this would be difficult to regulate, 

t The first regenerative turbine waa made by 0, A, Parsons in 1916. 
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produce a flow of heat, and using an infinite number of tapping or bleeding 
points, ** in the saturated field, with an equal number of expansions in the prime 
mover, the regenerative process would be thermodynamically reversible and the 
Carnot cycle would be realised. 

Although theory dictates an infinite number of tapping points, experience 
shows that three to four heaters (Fig. 258), arranged in cascade, present sufficient 
practical difficulty, and that if the feed temperature is raised abnormally (above 
400° F.) by bled steam a serious reduction in power results, and the high-feed 
temperature produced renders impossible the reclamation of heat in the Sue gas 
by using economisers (see p. 708). 



Carnot Rankine 

, ' ■ Bg.287.' ' , 


' ‘ ■ .At the tifne a]^opt 30 %,bf the. worldng steam is bled for feed heatings' 

isidiiy'rbaiie^pxi on,e load, sihoa reduction 

^ t ' ' 

' the; etea^ . 

, ty t^d to become excessively 
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The incidental advantages of improved thermal efficiency and reduced steam 
flow to the condenser are 

{a) Smaller condenser and boiler. 

(b) The difficulty of passing large volumes of steam through the last stage in 
the low-pressure turbine is lessened. 

(c) Improved turbine drainage, hence less trouble from erosion. 

{(1) Increased blade heights in the high-pressure turbine to accommodate the 
initial increased steam consumption. 


Disposal of the feed heater drains. 

In Fig. 258 and in the subsequent analysis it is considered that the heater 
drains are led to the hot well and that each drain carries with it the sensible heat 
corresponding to the pressure at the bleeding point. To throw away thermal 
potential hire this is obviously uneconomic, and in practice various methods are 
employed to avoid this loss. 



Drain Pump 



Fig. 259. 


(1 ) The cascade method. In this method the drain from one heater is led to 
i the steam space of the next lower heater, where the pressure drop causes a certain 
: proportion of the drain to flash into steam. On its passage through this heater 
' ' ihe, steam is condensed in heating the feed. ' ' , 

' . j > (2J 'Draih pumpC; The dram flxim.uach heater may h® pumped directly into ' 
,//'thfefeed4mh;atappffitiim * ; 
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(3) Cascade and low-lift pump. The drain may be cascaded through the 
successive heaters to the last but one, where a low-lift pump discharges the com- 
bined drains into the feed disohprge from the extraction pump, the combined 
flow then passing through the feed pump. This is probably the most desirable 
system, because it combines partly the advantages of (1 ) and (2) and avoids the ' 
use of small high-lift pumps which operate at a high temperature and for this 
reason are a potential source of trouble. No matter what system of drain 
disposal is employed, alternative arrangements should be made to cascade the 
drains direct to the condenser, so as to meet any emergency. 

Theory of the regenerative process. 

In this analysis we shall consider heaters so -efficient that the feed water on 
leaving them acquires the same sensible heat as that of the heating steam, for that 
particular heater, and that the heater drains discharge to the hot well without 
thermal loss, 

If the turbine consumes to lb. of steam per sec. at pressure p and temperature 
T, and if Wp Ws and lb. are removed at the tapping points 1, 2, 3, then for 


Continuity of flow 

Wi + W2-i-W^'-i-Wi = to. ( 1 ) 

Heat entering the hot well, or condenser, 

^2 + ^8 ^3 + ^4 ^4 = ( 2 ) 

Heat transferred to feed by heaters 

(1) W, ..•....(3) 

( 2 ) = ■ ( 4 ) 

(3) ^ w(h^-h). . 


In .practice the tapping points are 'selected so that each heater transfers about ‘ 
the same amount of heat to the feed. This satisfies the condition for efficient 
^ regenerative heating ($ee p. 4:78) and has the practical advantage of permitting 
the, use of identical heaters. In making an analysis of the cycle, then, we are 
interested in the mass of steam which is to be bled from the various tappings to 
\ ' , satisfy' the aboye condition. Oid actual plant, of oourse, the flows are controlled 
~ ' 'by valves which are operated in- conjunction with the thermometers shovm in - 
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By (1), = xo- ( 9 ) 

By (9) in (2), 

W^hi + ^2 + - xo^ - xo^ /i I = «’/? . (10) 

By ( 10 ) in ( 8 ), 

' ~ {lk~h) 

■ W=K) 

From equations ( 6 ) and (7) we may substitute for and in terms of w lu 
( 11 ), and hence and the other quantities can be evaluated. 

It should be observed that with a single heater and are zero and 

u?o = vrt - — r -v, — ~i because the condensate drains to hot well. 

{Hz-h) 


Work done with regenerative feed heating. 

Since the steam flow is varying throughout the turbine the regenerative cycle 
cannot be shown on a single entropy diagram, but defining SkBwdiijT we can 
draw a diagram for each mass of steam, and by arranging the resulting diagrams 
along a third axis we have a three-dimension figure in which ^ is a linear function 
of w (see Fig. 260), 

In this figure the blue area represents the work done by the whole mass flow, 
the red that done by {w-Wi) lb., and so on. 

Hence the total work per sec. is 

If == WJ(H--Hi)-H(W?-ttJi)(Hi--fl2) + («J-Wi---W2)(-fi2~'^3)+^4W”-®4)' (^2) 

The heat supplied by the boiler and superheater is {H ~ hi) w. 

Thermal efficiency 


(H-Hi) + (l-wjw) (ifi-Hg) + (1 -xojw’-wjw) (Hg- H 3 ) + tojw 


(13) 


Ex . Determine the pressure and the amount of steam to be bled from the three tapping 
points on a turbine supplied with steam at 400 lb. per sq in. absolute, 120 ® C. superheat 
and exhausting at 0’6 lb. per sq. m. absolute. 

If the thermal efficiency of the expansions is 70, 75, 80 and 85 % respectively, compare 
the thermal efficiency of the regenerative machine with that of a simple machine having 
the same expansion efficiencies. 

At 400 lb, per sq. in. saturation temperature ~ 6024® C. absolute 

At 0*5 lb, per sq. in, saturation temperature » 299*6® 0. 

Difference 203® C. absolute 

% 

This difference is to be dividod equally over four expansions, hence the temperature 
drop per expansion is approximately 60® C,, and therefore the temperature and the 

WifE 3X 
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pressure at heater (1) ^ 450“ C aud lb' per sq 'U., at heater (2) 400“ C. and 35 lb. 

rprobtem wdl fcst be worked without ^generation, and 
the results oLmed from this computation apphed to regeneiation, thus. 

Without regeneration. 


Expansion 

number 


H at 400 lb. per sq. m., 120° G. superheat 


H at 135 lb. per sq. m. 

A.H.D. 

Useful drop = 0-7x63 

Hi at 135 lb. per sq in., re-heated 

El at 35 lb. per sq. in. 

A.H.I). 

Useful drop = 0-75x66 

Hz at 35 lb. per sq. in., re-heated 
jffjjateib. persq.in. 

A.H.D. 

Useful drop = 0-8x69 

Hs at 6 lb. per sq. in., re-heated 
ifgatO-Slb. per sq.in. 

A.H.D. 

Useful drop = 0-85x76 


==684 

= 707 c H.u. 
=-641 

= "66 

= 657 c.H.tJ. 
= 588 


C.H U. 


44-1 


49-5 


= 55-1 


213-3 


/. Thermal efficiency = 


« 602 c.H.u. 

= 526 

= 64-6 

Total work done = 213-3 
= 29-6%. 


with regeneration. Proportion of steam to be bled. 


Bleeding 
‘ ■point number 

1 fej at 130 Ih. per sq.in. =178-9 
fcjat 30 lb. per aq. in. = 


Wl __ (^1 ^ 2 ) 

VO {Hi'~hi) 

62-3 


528 


= 0-099 


■ rtAn ^ 

. ' J?i^tl351b.persq.in. = 707 

at 135 lb. pet sq.in. , 

' '' ^ ' f ‘ i ■ V 35'iK pet’s(i.,in'. ■ _ - 126-6 ^ 

•'‘^z I f'* 'lU',.' *'i\ 'lr‘ ..-/’in'”, \ ' r , 

'v ';02S’,4:' '" , ,, 

C;,*. .O,'' 


El 

w 



I I f' 

w, 


:60 


r7.*3!'0*0952 W 

LAy' ■ " VO ‘ 
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Bleeding 
point number 

3 


w 




7i3 = 76-6 

= 26-3 

(^3 ~ ^^4) 

Til = 178-9 

\ = 26-3 

[hi — h^ = 162-6 


w 


(hi — h^) 


= 50-3 


^ 15-1 


••• =35-2 

= 120-6 
hi = 26-3 

(*2 - hi) = 100-3 and (ij -hi) ^ 9-5 


Vh 

w 


{B,-hi) 


n, = 602-0 

hi = J6;3 

(P'S ^ 4 ) 


=:= 25-7 


= 0-0446 = - 


= 575-7 
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If the steam flow, w, is 1 lb., then 


w 

Wi 

l-Wj 

l-~Wi — W2 
Wo 


Actual work per 
expansion 

Useful heat drop per lb, (a.h.i>. xrjxw) 

1-0000 X 44-1 44-1 

0-0990 

44-6 


0-9010 x 49-5 
0*0952 
0-8058 x 65-1 
0-0446 


44-4 

(1 Wi—W 2 —W 2 )=Wi 0-7612x64-6 49-1 

Total work done = 182-2 
182-2 


Thermal efficiency 


747-179 


32-1 %. 


% Gain due to regeneration = 29 ^ ~ 


\ 


BIBLIOGRAPHY 

“The regenerative cycle, an efficiency basis having special reference to the number of 
feed water heating stages”, Proc, InsU Mech. Eng. 1941, vol. oxlvi, No. 1, p. 6. 


EXAMPLES ON REGENERATIVE PEED HEATING 

1 . Discuss the advantages obtainable from regenerative feed heating in a turbine plant. 
What effect has the number of heaters on the thermal economy, final feed temperature, 
and the method of disposing of the heater drains ? 

Obtain an expression for the thermal efficiency of a turbine operating on saturated 
steam between temperatures and T 2 with continuous feed heating. T -T 

Am. 

’ . '^1 

2 . What percentage of steam at 20 lb. per sq. in. must be bled from a turbine operating 
on dry saturated steam between 100 lb. per sq. in. and 0-5 lb. per sq. in, ? What is the 
thermal efficiency of the plant with and without bleeding ? 

< An$. 14*6 % ; 30*1, 28-8 % , Drain considered as led to hot well. 


(B.So. London.) 

3, Explain the process of feed heating by “ bleettog Show that, in general, bleeding 
improves the -efficiency of a steam plant, 4nd illustrate your answer by finding the 
' theoretical thermal efficiency of a plant working between 160,1b. per sq. in. absolute, 
dry and saturated, 'and 14b. per sq. in. absolute (a) without bleeding, (h) when the correct' 

, weight of steam is bled atis Ih. per sq. im absblul». Neglect the effect of the stage- ‘ , 

, ,, effibiency,on the dryness at the 'tapping point. 28-5; 30%. , ' 

/ ' 4* '/Equation (13J, p. 48X, shows that. bleeding must increase the thermal effieienpy ‘ 

, ' '1 pf ^bgtod^ess df the n^mbw portion of the tappihg points. Eor what initial ~ ■ 



. 1 1- . ' t' if * '\ ‘.if ''-f 
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Re-heating steam. 

With a view to eliminating blade erosion,^ reducing steam friction losses, and 
improving the thermal efiSciency of turbines, the steam is sometimes removed 
from the turbine when it becomes wet; it is then passed into a re-heater, where it 
receives a fresh superheat, and is returned to the next stage in the turbine. 

The re-heater may be incorporated in tte walls of the main boiler; it may be a 
separately fired superheater, f or it may be heated by a coil carrying high-pressure 
superheated steam — ^this system being analogous to a steam jacket. 

Although flue gas re-heaters have been employed satisfactorily on 50,000 kW 
sets, yet they are at a disadvantage in having to handle large volumes of low- 
pressnre steam that are usually tapped off from the high-pressure exhaust. 



''' 

li '» C't 






The additional apparatus is large and costly and elaborate safeguards have to 
be taken for protecting 1;he re-heater and the turbine in the event of a sudden 
reduction in load on. the turbine, or reversal from ahead to astern. 

Steam-heated re-superheaters do not suffer from this disadvantage, but it is 
obvious that the temperature of the re-superheated steam can never be as high 
as that of the steam supplying the heat, and therefore the efficiency of the cycle 
is less than when other types of heaters are employed. 

In practice difficulty is also experienced in returning the steam to the 
boiler., • ’ , , 

Although there is an optimum pressure at which the steam should be removed 
re-heating, if.the highest yet, for simplicity, the whole 

p| th^^8team is removed ficom the high-pressure exhaust, where the pressure is 
.'alboii 'tii« fwilf after wndergou^ adO % presaniediop, 

tothei.#. ijri,.p. ttabtoe, 

; ; often supplied’ 

with the vcmbustidn^, > 
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It is claimed that improved thermal efficiency, reduced boiler size, and to a ’ 
less extent condenser size (in consequence of the reduced steam consumption, but 
higher exhaust temperature), will allow a re-heater to pay for itself in one year.^ 
Re-heating is best employed in high-pressure unit systems operating at con- 
stant load where the turbine has its own boiler, and in these circumstances the , 
re-heater should he placed alongside the superheater if it is to be really effective. ' 
The practice of re-heating has been developed far more in America than elsewhere. 

Theory of re -heating. 

From Fig. 263, 

The work done - H^) + (5/ - Rg) , 
these total heats being measured at constant entropy and (p^. 
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expansion in the low-pressure turbine the steam is exhausted at 1 m. of mercury. 
Find the efl&ciency of the cycle with and ivithout re-heating. 

The problem is most easily solved by using the chart; alternatively the chart 
or steam tables may be employed. 


Solution using the If<P chart (Fig, 264). 
Work done: 

Pa = 759 

Pg = 666 

Heat drop = 93 

= 768 

P, 

Heat drop - 219 

Total heat drop =312 


Heat supplied: 

Pa = 759 

(Ea-K) - 733 

Pf = 768 

Eg = 666 

{Ef-Eg) «102 

Total heat supplied = 835 

QIO 

Thermal efficiency = ^ == 374 %. 



Without re-heating: 

Adiabatic drop dh = 268. 

268 

Thermal efficiency = ~ = 36-6 %. 

too 


I-? 



Fig, 264, 


Alternative solution using Steam Tables. 

Superheat temperature at d = 370 
Saturation temperature at c = 229>7 

Degree of superheat = 140"3 


Whence by reference to steam tables = 1'6441, 

' , Degree of superheat at 80 lb. per, sq. in, for this value of ^ is 15* C. 


Pf at 80 lb. per sq. in. and 370° C. ~ 768*7, 
at 80 lb. per sq^in, and J6* superheat = 668-7 

Heat to re-heat ^ « lOO’O 

« T59-2 

ssi 26*1 

. , s«833*l 


Pa 6** 4tl0 lb. persq. in. 870® 0. 
A at I Hg ; ■ ' 


Total heat supplied 
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Work done: 




= 1*8337 
= 0-0913 
= 1*7424 


0*897 — X the dryness at g 


0^atlin, Hg = 1*9445 

= 759*2 
H, = 668*7 

Work done iiiH.p. = 

Hf = 768*7 

at ^ = 0*897x581*5 = 521 


= 90*5 


K = 26*1 

Work done in l.p. = (Hf-Hg) 
Total’work done 


547*1 


= 221*6 
= 312*1 


^ 19*1 

Thermal efficiency =. 5 ^ 0 ^ = 37*5 %. 

000*1 

Alternatively, work done = 833*1 - {<pg ~ 0^) Tg. 

The reduced friction loss which attends re-heating will considerably improve this 
efficiency. 

Without re-heating: 

at 400 lb. per sq. in. and 370“ C. = 759 
= 299*5x1*6441 = 493 


0 . 


492 




Work done on cycle Gg) — 267 

Thermal efficiency = = 55 -: = 36*5 %. 

700*1 

1 . Re-heating steam and plant efficiency, (B.Sc. 1935.) 

What are the advantages claimed for re-heating steam in high pressure plants? 

A steam plant, received steam at 600 lb. per sq. in. and 400“ C. After expansion to 
250 Ih. per sq. in. it is re-heated to 400“ C. and then expanded to 100 lb, per sq. in. It is 
then re-heated to 400® 0.^ after which it expands down to a back pressure of 0*8 lb. per ' 
. sq. in. Assuming frictioness affiabatio expansion, jSnd the thermal efficiency of the 
plant and cdmpare it with that obtained without re-heating. ^ 

V ' , By re, -heating steam the total h^at (irop and thermal efficiency of the turbine 

is jhQieased. Moreover, .fraction losses bn the, blades are reduced and erosion is pre- 
,1;;.’ vented, if dryness &abtion is kept! ^eater than 90%.’ ,, : Am. 38*9%, 37*1%. 
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Determine also the new steam consumption and the new thermal efficiency if the 
expansion of thesteam is arrested at 501b. per sq.in. and the steam is re-heated to 300® C. 
at this pressure and the expansion through the turbine is continued. Re-heat factor 
1-06. Ans. 8-45 lb, per h.p. hr. , Efficiency, 24-2G %; 749 lb. per h.p. hr.; 25*28 % . 

3. See examples on the use of the Mollier diagram, pp. 184 and 185, 


Binary vapour turbine (invented by Mr Emmett). 

It has already been proved (p. 68 ) that the Carnot cycle has the highest thermal 
efficiency of all cycles, and that the only prospect of an actual engine approaching 
this cycle is to use a saturated vapour, because, to attain an efficiency given by 




! , it is imperative that the whole of the heat must be supplied at constant 




temperature and rejected at T^. Theae conditions are easily complied with when 

using a vapour in the wet field, but not in the superheated (see p . 477). 

It would therefore appear that with fixed by the temperature of the natural 
sink to which heat is rejected, the efficiency must depend on which for a 
maximum efficiency should be as high as possible, consistent with the vapour 
being saturated. This means that an ideal fluid must have a very high critical 
temperature, and if this is combined with a low pressure, so much the better, 
because a combination of high temperature and high pressure sets designers a 
formidable problem. Mercury, diphenyl, diphenyl-oxide and similar compounds, 
aluminium bromide, and zinc ammonium chloride, are fluids which possess, in 
varying degrees, these characteristics together with chemical stability that will 
allow the cycle to proceed indefinitely. ’ 

Mercury, with its critical temperature well over 1000° C., and diphenyl-oxide 
at 530° C. and 400 lb. per sq. in. (compared with water at 374° C. and 3226 lb. per 
sq. in.), are the two fluids which have been employed in practice, but not 
singly, since for mercury the high temperature even at low vapour pressures, 
220° C. at 0*625 lb. per sq. in. absolute, means that there would be a considerable 
loss of thermal potential if no better vacuum than this could be obtained. 

In practice exceedingly higb vacua are difficult to produce and maintain; 
so to avoid, this, difficulty, as well as the thermal loss, two fluids, mercury and 
water, are used in the, cycle. Mercury is used to extend the high temperature 
range, whilst water, in reclaiming heat from the mercury condenser, before 
passmg through medium pressure steam cycle, extends the lower temperature 
; range, \ , , * ■ - ‘ 

' / Although several binary Imi-binbs ' are m operation in America and Eussia, yet 
':';the syi^temisuffi^rs from the defect that meroury vapour is extremely poisonous; 

’:.S mbroury will not wet, the boiler platej ,it is expensive, and a large, quantity is 
vrfeqflifed. , lii ^riew of thei^ dofeot&j und! the absence of a cheap stab^ ftuid with ^ 
,;C%h’,;qrij4o^ibemper^ture,'';.^m^ and email temjeratoe'. at - 

is-not ‘much,pro4>oot 0 general introdEofeion 
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of the systeia, particularly in view of the recent developments in liigh-pres&ure 
steam plants. 

BIBLIOGRAPHY 

D. BROVT.Tr (1936). “Double oyclo powei generation” Enqineenng and Boiht Howq 
lievieio,\o\ VTiv, pp 561-5 

W. S FindIjAY (1934). “Some suggestions for diphenyl licab engine cycles,” Power Bruf 
vol xvix, pp. 89-91 

W. S Findlay (1934). “Diphenyl heat engines.” Power Eng. vol. xxix, pp. 344-8, 434-7, 
450-2, 456 

W. J Kearton (1923). “ Possibilities of meicurv as a working substance for binary fluid 
turbines.” Pioc. Inst. Mech. Eng. vol. ir, p. 895. 

Engineering, April 5, 1935, “Description of 20,000 kW mercuiy turbine and boiler.” 

For a description of the plant see “Boilers Past and Present”. Proc. Inst. Mech. Eng, 
voi. oxLvm, p. 152 (1943). 

Increased steam pressure. “ 

“That started as a boiler — whelp — when steam and he were low. 

‘ I mind the time we used to serve a broken pipe wi tow. 

Ten pounds was aU the pressure then — Eh ! Eh ! — a man wad diive 
An here, or workin gauges give one hundred fifty five ! ’ ” 

Rudyabd Kipling. 

In the pursuit of increased efficiency the most profound change during the last 
decade has been the material advance in the working pressure, where it has been 
found that the greatest improvement in efficiency occurs at the lower end of the 
pressure scale; although, as the Carnot efficiency implies, the efficiency never 
reaches its maximum, but little is to he gained from pressures in excess of 1500 lb. 
per sq. in. 

Fig. 265 illustrates this point and has been extracted from Dr H. L. Guy’s 
paper, “The economic value of increased steam pressure”, Inst. Mech. Eng. 
February 1927, p. 99, in which this subject is very fuEy treated. 

As steam pressures increase, the desirability of confining the high-pressure 
expansion range to a separate cylinder also increases. This consideration, together 
with the increased cost of boilers, restricts the economic application of high pres- 
sures to high-powered plants. 

In Great Britain the tendency is to stabilise steam pressures at 600 to 650 lb. 
per sq. in. for 30,000 to 50,000 kW units, and between 300 and 400 lb, per sq. in. 
for 20,000 kW units, although theoretically these pressures are too low to give 
the greatest gain in economy. 

Unfortunately high pressures increase the difficulties of maintenanoe and 
reduce flexibility of the machine on load; hence high-pressure turbines are usually 
employed on base loads, where the output is invariable. 

One serious disadvantage attends the use of high-ptessure steam, and that is 
that the dryness fraction in the bw-pressure turbine is reduced in consequence 
of the reduced initial value of the entropy of the dry saturated steam. This 

** Perkins, aa Amepioaa inventor (1706*1849), eesperimented with steam at 
lb. per and examined its properti^, H. W. Dickinson, A Bhort History o/ 
Engimf p, 98, Oamibiidge tFnivemity Press. 
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increased wetness gives lise to the serious jiractioal ditftoultv of erosion (see 
p. 494). 

Ill marine propulsion, vibration and the difficulty of accominodatiiig the 
expansion of the piping, and the strains to which a vessel is pul in a heavy sea 
way, make the engine room personnel regard high ^irossurcs with acute distrust. 

In the USA. extra high-pressure boilers and tui bines have been supplied lo 
existing power stations, with the object of raising the output and efficiency of 
these stations 



200 600 1000 J400 1800 2200 

Boiler Pressure in U per So In 

Fig. i65. 

The provision of these ‘‘topping units”, as they are sometimes called, requires 
new boiler plant, but the high-pressure turbines exhaust to the existing low- 
pressure plant, thereby effecting economies in the engine room as well as in cost 
of buildings and foundations. ^ 

Superheated steam. 

In order to obtain the requisite temperature difference over the boiler plate in 
the case of high steam pressures the flue gas must of necessity also leave at a high 
temperature if a rapid rate of evaporation has to be secured. This heat would be 
lost were it not for the provision of superheater coils, which enable a maxhnum 
of 7 % of the total heat supplied to the steam to be recovered ffiom the flue gas 
without the expenditure of any more fuel. 

In addition superheating increases the entropy of the steam to such an. extent 
that even in the low-pressure turbine the steam is much drier than when a super- 
heat is not carried, so that erosion is materially reduced. 

Thermally hhe improvement in effidenoy (which attends a superheat) is very ^ 
smaE, but the reduced ftiction losses in the turbine, and the delayed condensation, 
cause the practical gain to almost double what theory predicts. 
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Unfortunately ln«h temperatures adversely affect metals by reducing theu 
strength and causmg Ihein to flow, when under stress, hke a very viscous fluid 
The greater the stress and the higher the temperature the greater the rate of flow, 
so it IS only a question of time, and the bolts connecting the flanges will grow to 
such an e^^-tent as to release the joint 

In view of this creep of metals ’ high temperatures cause more trouble than 
high pressure, and at the present time (1940) 950° F (a temperature ab which the 
steam pipes glow in the dark) appeals to be the highest safe temperature 

Howevei, practice keeps so closely in step with lesearch that it will not be long 
before temperatures of 1000° F. and pressures of 2000 lb per sq. in will be 
generally employed m high-powered plant. 

In contrast with increased pressure the economic advantage of increased 
temperature does not depend upon the size of the plant, and a much smaller 
propoition of the boiler plant is affected by raising the temperature than by 
raising the pressure A comparison between the thermal economies resulting from 
increased pressure and increased temperature is shown below 

This table has been compiled from Dr H L Guy’s paper “Tendencies in steam 
turbme development”, Proc. Inst. Mech Eng. North-Western Branch. 



The basis of the above comparison is a plant operating at 700° F. with 29 In 
vacuum and four-stage re-heating The capacity should not be less than 40,000 kW 
M,o.R t 1^00 r p.m., 20,000 kW M.C.R. at 3000 r.p m., 10,000 kW M.c E. at 
6000 r.p.m. 

Fig. 266 was taken from the Twenty-sixth Thomas Hawksley Lecture (1940), 
in which Sir Leonard Pearce, gives an excellent review of forty years’ 

development in mechanical engineering plant for power stations. These tem- 
perature-entropy diagrams show how the basic efficiency of steam plant has 
increased from 15 to 40 % over a period of forty years, the actual thermal 
efficiency realised by the station feeing about 16 % lower. 


* See Bailey ajid Eoberfcs, ‘‘Teatbag of iBittenala for high temperatures”, Pm, 

19S2>. Jfild steel is smtaWle for superheater tubes up to 900*’ F. but the super- 
enpports often cause trouble through diatortiom 
" f IStamUm coiflhauotis ratings 



^.1 I 
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Ex. High pressure and high superheat. (B So. 1939 ) 

Discuss briefly, 'with reforeiice to the Raiflane cycle, the thermod-Tnamic advantages 
of using (a) a high piessiiie, (&) a high degree of superheat, 'when the maximum steam 
pressuio is the same in both cases What are the relative piactical advantages ol the 
two systems? 

Compare the ideal efficiencies ol a turbme using steam at 380® C. and exhausting at 
0 5 lb pel sq. m , 'when the intial pressure is (ft) 500 lb. per sq. in , (6) 200 lb per sq m 

Ans. 37-4%, 33 4% 

Erosion of turbine blading. 

Eiosion of turbine blading is the wasting away or grooving of the back of the 
inlet edge of the blade, and only occurs where the moisture m the steam exceeds 
about 10%, and the blade speed la high. 

Inspection of a turbine, after many hours’ running, reveals that eiosion is 
always worst towards the tips of the low-pressure blades, because centrifugal 
force tends to concentrate the water particles in the outer annulus, and the tip 
speed is greater than the root speed. 



It may be argued that, owing to the much greater density of water compared 
with low-pressure steam, the droplets carried in suspension through the nozzles 
never acquire the velocity of the steam, and therefore, if the blade entrance 
angle and speed are suitable for the steam, they must be -wrong for the "water 
(gee Fig. 267), where is the relative velocity of the water at inlet. 

From the velocity diagram it -will be seen that strikes the back of the 
blade, and m producing impact stresses of the order of 60 tons per sq. in., a groove 
is initiated. 


Prevention of erosion. 


Four methods are available for combating erosion: 

(1) Baising the initial temperature of the steam, so that the wetness never 
exceeds 10 %, even in the last stage of the low-pressure turbme. 

(2) When the moisture content in the steam approaches 10 %, remove the 
whole of the steam and re-heat it, so that the -wetness at the exhaust does not 
exceed 12%. 

(3) Fit drainage belts on the turbine so that the droplets of water, "wMeh 
nonsritut^ about 25 % of the total moisture present, may be flung out of suspension 
by cpntedjhigal force. 


t 


^ (4) Bie leading edge of the blade may be protected by a shield of hard material 

f > * 

ifc ir .1 tt j . A t 
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Comparison of the methods. 

Since pievenbion is beticr than cnro, methods (1) and (2) .iie to be prcferiod, 
bul m the case of (1) the maxuimm siipeiheat 'which metals can stand foi pro- 
longed peiiods imposes a definite limit on the jiiesbuie 
lange if the wetness must not exeeed 10 

Theoretically stage le-heating is the ideal, Imt in 
piaclice it IS beset watli difficulties (see p. 485). 

Diainage ol Ihe tuihmo is good, and necessitates very 
few stiuctural alterations on a machine designed foi 
bleeding ’ in fact, w ith this method alone the pressuic 
may exceed 1 300 lb per sq in. without serious erosion 
taking place. The only precaution necessary is to pio- 
vide a hp to prevent the swirling separated droplets 
from rejoimng the steam (see Mg. 268). 

The provision of tungsten shields prolongs the life ol 
the blading, but it does not remove the resistance which 
the water droplets impose on the lotation of the rotor. However, in iiractice 
this has probably proved the most satisfactory solution. 

Improved turbine exhaust. 

The improved vacuum obtainable from condensers of moderate dimensions 
has presented turbine designers with the serious problem of transmitting this 
vacuui#to the turbine blades with very little loss of energy; for it will be appre- 
ciated that it IS no use having a high vacuum in the condenser if the rapid increase 
in speoifio volume prevents the economic transmission of this vacuum to the 
turbine. 

It was indicated on p. 430 that to pass this volume involved a considerable loss 
in kinetic energy, and this loss might be sufficient to offset the gain in heat di'op 
from the increased vacuum. 

To combat this loss the following methods have been employed; 

(1) The provision of an expanding diffuser tube to convert kinetic energy into 
pressure energy (see Mg. 269). 

(2) The central flow turbine (see p. 430 ) which provides a double exhaust. 

(3) Duplication of the last stages of the low-pressure turbine, which are con- 
nected by a pipe so that but one low-pressure casing aaid rotor is required. 
Virtually this is a modified central flow turbine. 

(4) In high speed high capacity turbines working with low exhaust pressure 
Metropolitan Vickers secure a low leaving velocity without using unduly long 
blades by dividing the blades in the penultimate stage into two parts by an 
annular ring A (see Mg. 270). 

The steam on the outside of this ring is expanded down to condenser pressure 
and passes direct to the exhaust, the velomty ratio being fairly good because of 
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the high peripheral speed of the portion G of the blade GE, The inner portion of 
the blade handles steam which is to be expanded finally in the last diaphragm, F. 

(5) The simplest solution of the exhaust area problem is to remove the shiouding 
from the last row of low-piessure blades with a view to lightening them, and to 
open out the blade angles, or, as a last resort, lower the rotational speed. 



r 






k 


Tjg 269. 


Fig. 270. 


Condensers. 


One of the outstanding advantages of the steam turbine over other vapour 
engines is its ability to utilise effectively low pressures, an improvement in vacuum 
from 28 to 28 J in. giving almost a 3 % reduction in fuel consumption. 

To produce a vacuum so near the absolute value necessitates a highly efficient 
condenser and air-pump system, and investigations into the des^n and operation 
of condensers have revealed the following; 

(1) The most potent source of breakdown is due to the tubes pun(^unng or 
craoking usually ne^ the end,* \ 

(%) Although the air pump may be capable of producing a high vacuum, the 
obstruddon caused by the tubes prevents this vacuum being realised in the 

* Leaking condenser tubes on marme installationa result iu rapid detenoraticn of 
boiecs ahke. 
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turbine exhaust It is the vacuum on the turbine blades i hat counts, not that 
111 the condensei. 

(3) The sudden bending of the tmbiue exhaust from the horizontal to the 
vertical direction causes the steam to bank up on the alternator side of the con- 
denser, thereby overloading this poition of the condenser at the expense of the 
opposite side. 

(4) The condensate should ho removed from the tubes immediately after con- 
densation to prevent undercoolmg of the condensate and consequent loss of 
thermal efficiency, and the tubes carrying the hottest cooling water should meet 
the hottest steam. 

Dealing with each of these problems in turn, it has been found that an alloy 
70 % copper and 30 % zinc is able to resist erosion fairly well if the end of the tube 
receiving the circulating water is bell-mouthed, and the water box is sufficiently 
deep to allow the circulating water to enter the tube without undue eddying. 
With this in view, the tube with stuffing boxes at both ends has to be replaced 
by a bell-mouthed tube expanded flush mto the tube plate at one end and floating 
in a stuffing box at the other (see Fig. 271), or by bowed tubes expanded at both 
ends. 



If the tubes are carefully annealed,* and the unsupported length of the tube 
does not exceed one hundred times its external diameter, httle trouble should 
be experienced from cracked tubes. 

Central flow condenser. To limit the pressure drop across the tubes 
Metropolitan Vickers have designed a central flow condenser in which the air is 
removed from the centre of the nest of tubes (see Fig. 272), the steam flowing 
radially inwards durmg the process of condensation. 

The main advantages of radial flow are that the area for flow is always com- 
parable ^ith the volume flowing, the length of air path is reduced, the coldest 
water meets the coldest air, thereby increasing its partial pressure and so reducing 
the labour of the air ejector, and the condensate drops away readily from the 
hottest tubes through a current of steam, so that undercooling is avoided, 

* Drawing stresses are at once revealed hy coating the tube with mercury, when a stressed 
tube will split hke a bamboo* 
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It should also be observed that in the base of the condenser is fitted a water 
seal (8) (Fig. 273) to prevent steam or air interrupting the extraction pump 
suction, and that heat transfer, which depends upon scrubbing rather than direct 
impact, IS augmented by providing steam lanes. 

To improve the distribution of the steam over the condenser tubes the ex- 
haust area is made divergent in the direction of the alternator and baffles are 
fitted as in Fig. 269. 

Vibration of the condenser tubes may be prevented without the use of carrier 
plates, which are objectionable because they prevent the longitudinal spreading 
of steam, by making the tubes short. 



, Shortening the condenser, however, causes a diminution in cooling surface, 

' and since, for a given temperature drop across a tube, the rate of heat transference 
depends upon the surface area of the tube and the square of the velocity of 
■ ' the fltdd transinitting heat, any reduction in tube length must be acoompanied . 

by a considerable increase in velocity. ' ' 

; ' ‘ ~ wHigK velocities, however, rapidly increase pumping costs, since friction head, ^ 
' , alto , depends on the, 'squats, of the velocity of flow, and high velocity is ” 

/ , ‘ objectionajile m it dften ih^rodueea serious tube erosion, especiaEy where ; 

'iT'l contra-fiow'lieat transference, ,iih' ; 

water; Th^rver&al 

Iv 4l 
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Air ejectors. 

Leblanc and tSn Charles Parsons were responsible for the invention of the 
steam-opeiated air ejector, which is virtually an injector for pumping air mstead 
of water. 



Fig. 274» Sectional view of two-stage Metroviok air ejector with isurface cooIerSf 



(W|(. 2*74) consists of a oonvergent-divergent nozzle 0 in which the 

Byunder expansion (ie*maldng the actual 


hheo^eally required) this high-velocity jet in appearance 
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re^'enible* a string of beads, and in jumping across the gap lhai separates the 
nozzle and the diverging tube F, it entiains air. An interchange of monieiitmn 
ocoius, the air being acccleiated at the expense of the steam. To convert I he 
laiietic energy of the mixture into prossuie energy the tube F diverges. 

It will be apparent that the incicase in piossuie, which the combination of a 
(single jet and diffuser will produce, is definitely hmited (about 5 to 1 in practice) , 
so to produce liigh vacua, witli leasonable economy in sieam, and without 
danger of instability of the jet at low loads (due to their being no positive seal 
against atmospheric pressuie), two or more ejectors are arranged m series. 

The main advantages of the ejector are that it is simple and cheap to construct, 
it has no moving parts, it occupies very little space, and it will produce a high 
vacuum, but thermally its efficiency is very low. 

With a view to improving the thermal efficiency of the apparatus tlie discharge 
from each ejector is passed through a cooler, where the steam is condensed in 
heating the boiler feed. 

To handle the excess air flow that attends putting another boiler on the line 
it is usual to assume that 5 lb. of air have to be extracted from every 1000 lb. of 
gleam, whilst a rapid start is ensured by an auxiliary ejector whicli discharges 
direct to the atmosphere instead of through feed heaters. 
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MAKINE EXHAUST TUEBIHES 




Because of the practical limit to the size of the low-pressure cylinder a conven- 
tional multi-expansion marine engine is unable to utilise effectively low-pressure ^ 
sfeeam^ several systems have therefore been developed to improve the thermal 
efficiency of this engine by the provision of a turbine to take the exhaust* steam 
from the reexprooator and expand it further. 
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Foi- moderate poTveis the reciprocating engine is more efficient than a small 
high -pressure turl)inc, so that the combination may be arranged to embody the 
advantages of the reeiprocator for dealing with high-pressure steam and the 
turbine for low-pressure steam. 

The various systems of exhaust turbines may be classified in two types* 

( 1 ) Systems in which the power developed by the turbine is transmitted to the 
propeller shaft through gearing incorporating a spring, hydraulic or electrical 
coupling to damp out the variations in torque of the reciprocating engine. 

(2) Systems m which the power developed by the turbine is utilised to imjirove 
the quality of the steam as it passes from the H.r. to the i.p. cylinder. 

In the Johansson Gotaverken system this is effected by means of a compressor 
and in the Lindholmen Motala system by an electric heater which is supplied 
from a dynamo driven by the exhaust turbine. 

In all the systems the condenser must be arranged to give a much higher 
vacuum than is required by the reeiprocator when operating alone, and provision 
must be made for directing the reeiprocator exhaust to the condenser so as to 
cope with emergencies. 


The Bauer -Wach system. 

In this system, whiohis illustrated inFig. 274 a, steam at 8 to 101b. per sq.in, abs 
is exhausted by the reeiprocator to an oil separator and from thence to a servo- 
motor operated change-over valve by means of which the steam may be directed 
to the turbine or to the condenser. 


Primary Pinion 


^^Reactidn Turbine 


{ 



Fig. 274a. 


} \ ® become too high the governor reduces the oil pressiufi 

* \ ^ ohimge-over valve directs the steam to the condenser. 

hy the thrbine is transmitted to the propeller shaft 
Si vuloan hydraulic coupling being incorporated 
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m the primary gear wheel. Any residual thiiist from the primary pinion, or 
tuihine, i& taken by a Michell thrust block that is located <it the forward end of 
the turbine. 

To ensure torsional and flexural elasticity of the lecipiocating eiifijino shaft, 
and to permit of the turbine gearing being disconnected fiom the icciprooator, 
the secondary gear-wheel is supported on a hollow flanged shaft that eni bodies 
a cjuill drive. 

The turbine is non-reversing and is disconnected automatically from the main 
engines when these lun astern by draining the oil from the Vulcan coupling. 

KSa\ings of fuel of 20 to 25 % over the conventional reciprocating engine are 
claimed for this system, and the flywheel eflect of the turbine materially reduces 
racing in a heavy sea. 

The Johannson GStaverken system. 

This system was developed by Johannson of Gbtaverken, Sweden, and consists 
of a turbo-driven compressor that takes the exhaust from the h.p. cylinder, 
raises its pressure and temperature and delivers the steam to the I.P. chest, lii 
addition the turbine drives most of the auxiliaries such as the feed, circulating, 
and forced lubrication pump as well as the dynamo. 

The major modification to the main engine is the provision of a dividing wall 
in thevi.p. receiver, spring-loaded non-return valves being fitted in this wall to 
enable the steam to pass directly to the i.p. chest should the turbine be cut out 
by the governor. 

A change-over valve, operated by oil from the forced lubrication system, 
provides for the exhaust being passed direct to the condenser in an emergency. 
Unlike the Bauer-Wach system this valve is not used during reversal of the 
mam engines. 

Since it is uneconomic to use the compressor for evaporating water a steam 
dryer is placed on the h,p. exhaust, and a second on the l.p, exhaust to protect 
the turbine blades from erosion. 

Obviously the thermal efficiency of this system is less than of tho previous, 
but there are compensating advantages of compactness and lower initial cost. 

EXAMPLES 

Numerical examples on the systems are given on pages 835 et aeq. 
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CHAPTBE XVI 


COMBUSTION 

Chemical symbols. 

The ninety-fcwo elements which have been discovered** carry distinguishing 
names which are not based upon any scientific system, and on making investiga- 
tions as to the behavioui of these elements a kind of shorthand is employed 
Instead of writing the name of the element, only the first letter of the English or 
Latin names of the commoner elements is used to denote it; whilst less common 
elements, which share the same initial letter, are distinguished by an additional 
letter, thus: 

Carbon is denoted by C, Chlorine is denoted by Cl. 

Not only do the symbols indicate the element, but they also denote one atom 
of the element, and if more than one atom is to be considered, then a numerical 
suffix, representing the number of atoms, is also applied to the symbol. Tor 
example, OI 2 means two atoms of chlorine, Hg means two atoms, or one molecule 
of hydrogen, In a like manner the number of molecules is denoted by a numerical 
prefix, thus: 2Ha means two molecules of hydrogen each of which contains two 
atoms; so that the product of the prefix and the suffix is the number of atoms 
of the element under consideration. 


Mechanical mixtures. 


When the molecules of various elements are mixed together, one of two things 
may happen. 

The molecules may merely mingle without losing their identity, and may 
therefore be separated mechanically, as in the case of a mixture of sugar and 
sand, or, if temperature and pressure are favourable, the atoms in a molecule of 
one element may attach themselves to the atoms in a molecule of another element 
in the mixture, and produce an entirely different substance. This substance is 
known as a Chemical compound. 

The union oi oxygen with hydrogen may be taken as a simple example of the 
formation of a chemical compound. These two colourless and odourless gases, 
when mixed together, produce a gaseous mixture, but if a flame is applied to this 
mixture, or if it is highly compressed, an explosion will occur, and steam will be 
produced which can be seen if the temperature is low enough. It is this union 
which is responsible for the steam that issues from a motor car exhaust when 


the engine is started up on a cold morning. 

The reason for the combination of molecules producing compounds, endowed 

tkage 'sffiich ^ umst believe which we do not understaaad. Matter 


ae great a mystery ee life itself. 
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* Chemical compounds are indicated hy a combination of symbols wliicli repre- 
sent the separate molecnlcb from which the com])ound \\ab formed. Taking 
again the union of Hg with Og, we have 

Hydrogen uniting with oxygen produces steam. 

Symbolically tliis reaction is denoted by 

2H2-I-O0 = 2H2O, 

The positive sign indicates that a chemical reaction has taken place, and the 
tiigu should not be given its algebraic interpretation. 

It might be asked: Why select two molecules of Hg, and but one of O2? Tho 
reason is that any other proportion of molecules w^ould leave either some of the 
H2 or some of the Og nncombined. For example, 

4Ha + 0a=2H20H-2H2. 

In this equation the positive sign on the right-hand side (b.h.s.) has its algebraic 
meaning, and it indicates that steam is produced and hydrogen remains when 
the proportions of H2 and Og shown on the left-hand side (l.h.s.) of the equation 
react. In an engine the unoombinod hydrogen would be w'asted; so "with a view 
to economy in fuel it is highly important that both fuel and air are supplied in 
the -forrect proportions. 

In this respect chemical equations are very valuable to engineers; because 
they not only indicate the result of a chemical reaction, but they indicate 
the proportions with which the elements react -when there is to be no siuplus. 

Ex, How many pounds of oxygen are required to burn completely one pound ol 
hydrogen? 

The equation of this reaction is 

2 H 2-|-02 = 2 H 20 . 

But the atomic weight of Hg is 1 and that of O2 16 (see p. 5). 

Hence ^ 62^ =2H20. 

2(lx2)-f(16x2)«2(lx2-f-16). 

Hence 4 units of hydrogen combine with 32 units of oxygen to form 36 units of steam. 
If we multiply throughout to convert the unit mass of an atom into lb, weight, then wo 
can say that 4 lb. of Hg require 32 lb, of 0^ to form 36 lb. of steam, 

Weight of oxygen required for the complete combustion of one lb, of hydrogen 

= f = 81b. 

4 

* The author is aware that it is meorreot to us© symbols such as Hg to replace the word , 
hydrogen, since Hg represents one molecule of hydrogen. Although incorrect the practice 
is wids-ly used by engineers. 
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Formation of chemical equations. » 

Since a chemical equation reprebonts but a redistribution of atoms, it foUo^is 
that the same numhei of atoms of any one element must exist on both sides o[ 
the equation. This conclusion can also be drawn from the fact that matter is 
indestructible, and therefore every atom of the interacting substances on the 
L.ii.s. of a chemical equation must also appear on the r h.s, ol the equation, 
although usually m some fresh associations of atoms. This information is re- 
markably valuable, because it enables us to bmld up chemical equations, and 
therefoie removes the necessity for memorising them. 

Ex. Form the chemical equation which represents the complete conbustion of marsh 
gas, CH 4 . 

When marsh gas is burnt completely, caibon dioxide (CO 2 ) and steam (HgO) are 
pioduced. so we caa write ^ C0,+yfl,0. 

The values of x and y may then be determined fiom the condition that the same 
number of atoms of each element exist on both sides of the equation. For carbon there 
IS one atom on each side. Foi hydrogen there are 4 on the l h.s, and 2y on the r.h s 
For oxygen there are 2x on the l h.s. and ( 2 + 2 /) on the b.h s. 

% = 4r, i/ = 2, 

2 j; = ( 2 + 2 /), but ?/ = 2. /. a; — 2. ^ 

CH4 + 2O2 = CO2 + 2H2O 

12+1x4 2(16 x 2) 12+ 32 + 2(2+16) 

J ^ I 

16 6-1 44 36 

1 I I J I 

80 80 

From this example it should he appreciated that a chemical equation is not only a 
qualitative expression, which expresses the result of reactions, but that it also has 
a quantitative significance, and in this respect the equation obeys mathematical laws, 
the total mass on the two sides of the equation being the same. 


and 

Whence 


Gaseous reactions. 


The mass of a gas is so difficult to measure directly that it is more usual to 
consider the volumes which unite rather than the masses. Fortunately this 
convenience does not introduce any complication into chemical equations, 
because these equations are not altered if they are multiplied throughout by a 
constant. Take for instance the molecular equation 

2H2+02«2Hg0 


and multiply this through by a constant n which represents the number of 

molecules in I cu. ft. of gas at any particular state, see p. 12, for instance tl le 

condfi^on, then n 

2JiHs5+?^Oa = 2wHaO. 
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This equation now roads Two cubic feel of H 2 eombme with one cubic* foot of 
(>2 to pioduce two cubic feet of steam at the same state as the Tl^ and Oj ]« ovidcd 
the steam produced obeys the laws of peifect gases. 

At high temperatures steam does obey the gas laws, bul at low temporatuies 
the piefi\ 2n has no significance, since the steam would condense, and its volume 
would then be negligible in comparison with that of the gas, 

A similar paradox arises with the solid carbon in tho equation 

which should not be read as ‘“One cubic foot of carbon combines with one cubic 
foot of oxygen”, since, in general, gaseous carbon does not exist 

In an electric arc the carbon might be gaseous, but in its solid state the volume 
of oxygen required to consume but one pound of C is so great as to render the 
volume of carbon negligible in comparison. Hence we can say that one cubic fo( »t 
of O 2 , after reacting with C, produces one cubic foot of CO 2 at the same pressure 
and temperature as that of the O 2 , provided that this is far above the liquefa ction 
point of CO 2 . 

The weight of air required for the combustion of solid and liquid fuels. 

The fiist important appheation of Chemistry to combustion problems is in the 
determination of the minimum amount of air required to burn completely a solid 
or liquid fuel of known composition. If the theoretical weight of air requiied is 
knowm, then the actual air supply can be adjusted to avoid undue heat losses 
due to insufficient or excess air. 

Such a calculation is rendered easy by the fact that all commercial fuels depend 
entirely on carbon and hydrogen for their combustible material, and that those 
fuels are analysed by weight. 

In a fuel of this type a portion of the carbon is combined with the hydrogen to 
form what is Imown as a hydrocarbon, thus: CH^ is a hydrocarbon, whilst 
the unoombined carbon C is known as fixed carbon, and resembles charcoal 
or coke. 

The presence of hydrocarbons in no way affects the chemical equations which 
treat the elements as separated, but these hydrocarbons give to the fuel the 
important practical advantage of ready ignition, and it is the much higher 
proportion of hydrogen in a hquid fuel that distinguishes its analysis from that 
of a solid fuel. 

Ex, A fuel oil contains 8d % of C and 16 % of H. Determine the minimum weight of 
air required to burn one pound of this fuel. 

The complete equations for the reaction are 

0+Og » CO 2 and 2Ha4*02 2HsjO 
12 32 U 4 32 36 
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Heneellb of caxbon Jequireg fi lb of Og andpioduces lb ol CO^, whilst 1 lb of 
H3 loqunos 8 lb of O2 to form 9 lb of steam 

In 1 lb of fuel theie aie 0 84 lb of C and 0 16 lb of H, so that the total oxjgen 
loquiitd IS 

®|x0 84+8x0 16 = 3 52 lb 

To obtain the weight ot air required we must know the chemical com- 
position of air. 

Air contams a laige piopoition of nitrogen, and lor engmeeimg puiposes we 
can regard the gravimetric analysis as Ng, 77 % , Og, 23 %, and the volumetric 
analysis as Ng, 79 %; Og, 21 % 

Hence the weight of air required to supply 3 52 lb. of Og is 

3-62 x^is 15-3 lb. 

In practice, to ensure that the fuel is completely burnt, excess air to the extent 
of nearly 30 % must be supplied to hquid fuels and even more to sohd fuels 


The minimum volume of air required for the complete combustion of a 
gaseous fuel of known composition. 

It was shown on p. 606 that with gaseous reactions the proportions by volume 
which react aie equal to the number of molecules of the leactmg constituents 
For example, with marsh gas, CH 4 , the complete reaction is (p. 606) 

CH4+2O2 = CO2+2H2O. 

In terms of volumes this reads : One cubic foot of CH 4 combines with two cubic 
feet of oxygen to form one cubic foot of carbon dioxide and two cubic feet 
of steam; provided all these volumes are measured at the same pressure and 
temperature, and that the constituents may be considered to obey the laws of 
perfect gases 

Generally the gases employed by engineers for the development of power are 
mixtures of GH 4 , Hg, GO, COg, Ng, etc , so that the computation of the air 
required is best effected by a tabular method which may be illustrated by an 
example. 


Ex. Estimate the volume of air required for the combustion of 100 ou, ft, of gashaviug 
the analysis OH 4 , 39*5 %; Hg, 46-0 %; Ng, 0-6 % ; CO, 7*5 %; HgO, 2*0 %; COg, 4 6 %. 
What is the volumetric analysis of the products of combustion at 100 ® 0 ? 



* Had the feel anaJymS indicated the presence of oxygen, then less than 3'63 lb. of oxygen 
t?oi?ld need to b^ supplied from the atmosphere. 


.fc J 5 a jiH * 
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Combu&lion of 100 cu ft of gaseous fuel 






Volume of ])io<luots 


f on 

Percen- 


Oxygon 

of i oiiibustion 

ft 


stitutnt 

tage by 

Combustion equation 

loquired 


4 U 

N, 

gas 

volume 


cu ft 

H 0 







gasooub 

c 


tHji 

39 5 

CH4+202 = C0 +2U 0 


79 0 

39 5 

■m 

Ha 

46 0 

2H, + Oa=2HaO 

23 0 

4b 0 



N 

05 

— 

— 1 

— 



CO 

7 6 

2C0 + 0 ^= 2 C 03 

3 75 

— 



HoO 

20 

— 

— 

20 



COa 

46 

— 

— 

— 


Hi 


100 0 

Total O 2 leqmiod = 

106 75 

127 0 

51 5 

06 1 


Air required at the supply temperature and pleasure of the ga& = -^^r- x 106 76 = 504 ou. ft. 

aX 

79 

associated with this air == 105 75 x — = 398 0 cu. It. 


1^2 in the gas 

Total Na m flue gas 
Total HgO in flue gas 
Total COa m flue gas 

Total flue gas 


= 06 

= 398i 
= 127 0 
= 615 

= 577 0 cu ft. 


The analysis of the pioducts of combustion will be 

HaO, 127-0; C02,51-6, Ng, 398-5 cu ft. 
01 , e 2 i.pressed as a percentage, 

HA 22%, 002,8-91%, ^2,69%. 


Exhaust gas analysis. 

In practice gases are usually analysed over water which is used foi ineasuiing 
the contraction in the volume of the gas mixture (or, if the gas is soluble in water, 
salt water or mercury may be used) contained with the water in a measuring 
vessel as each of the constituent gases is absorbed by a suitable chemical 

The use of cold water or mercury condenses any water vapour present in the 
gas, so that the subsequent analysis will reveal only the proportions of the dry ' 
gases. Hence when you are asked to predict the analysis of the exhaust gas 
from an engine or boiler, the steam and SOg should be omitted. 

Applying this rule to the previous example, we have the analysis of the dry 
flue gas: -« 

002,11*43%; Ha, 88-54%. 
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To estimate the actual volume of air supplied for the combustion of one 
hundred cubic feet of gaseous fuel from the analysis of the fuel and 
that of the exhaust gas. 

The previous example showed that if just the right amount of air is supplied 
to burn completely a gas of a given composition (other than Hg), an analysis of 
the exhaust gas will reveal only COg and Nj, 

If excess air is supplied, O 2 will also appear in the exhaust analysis, whilst a 
deficiency in air, or imperfect combustion, is revealed by the appearance of other 
constituents (Hg, CH 4 , CO, etc.) in the exhaust gas analysis. 

This information would appear valuable to engineers who are in charge of 
plant consuming a gas of known composition, and who are able to analyse the 
exhaust gases, and from this analysis to deduce whether the correct amount of 
air and combustion temperature obtains, thus: 

Let be the minimum volume of the dry products of combustion, i.e. the 
products produced excluding steam by the combination of 100 cu. ft. of gas with 
the minimum volume of air required for the complete combustion of the gas; 
also let volume of excess air associated with then + v^) is the 

basis on which the volumetric analysis of the actual exhaust gas is computed 
On this basis let Og he the percentage of oxygen in the actual exhaust gas, then 


whence 


0 ^ (21/100) X 100 

i^mp "b ^ea) 


Volume of excess air per 100 cu. ft. of gas = n v^a cu. ft. 

Total air =» (Minimum volume + 


t 

Ex, On the application of this equation. 


If the exhaust from an engine using the gas given on p. 508 showed 12 % Og, what 
was the volume of excess air supplied per cu. ft. of gas, and also the total volume of air? 


= (COg+Ng) « 460 cu. ft., Og ” 12 %. 

~ 000 cu, ft. per 100 cu. ft. of gas, 


I 


V 


Excess air per ou, ft, of gas =s 6 cu. ft. 
Minimum air s® 5*04 ou. ft. 


I* 

\ U»J# A 




) 


* V 



Actual air per cu. ft. of gas 11*04 cu, ft. 



in 
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To obtain the analysis by weight from the analysis by \olume of 
a gas. 

Ill the case of gaseous fuels the estimation of the air supply, Iroin the analysis 
of fhe exhaust gas, \*^as lelatively simple, because both llic fuel and the exhaust 
pioducis were analysed by volume. With sol Is or Jiciuid fuels, however, w^o have 
to deal with analysis by volume and analysis ly weight, so that the computation 
IS not quite so easy, since we must first con ort the volumetric analysis of the 
exhaust gas to analysis by weight. 

The factor which connects mass and volume is density p, and from p. IH 
density is also related to molecular weight by the exjiressioii 


p = mxnx Tabulated molecular weight = 


Tabulated molecular weight 

“ - 


If therefore the volume of each of the constituents in the exhaust gas analysis 
is multiplied by the appropriate density, we have the weights of the constituents. 
On dividing the weight of each of the constituents by the total weight of the gas 
samxile, we have the proportions by weight. This computation removes the 
necessity of multiplying the volumetric analysis by the density of each con- 
stituent, since the product {m x n) cancels on division, as an. example will show . 


Ex. Convert the volumetric analysis CO 2 , 10*9 %; CO, 1*0 %; O 2 , 7-1 %, Ng, 81*0 % 
to gravimetric analysis. 


Constituent by^vo^ume Density p 

COg 10-9 wxnx44 

CO 1-0 wx 91x28 

Oo 7’1 mxnxS2 

Ng 81'0 mxnx28 

Total weight 


Parts by weight 
(p X °o by volume) 

Porcontagp 
by weight 

97 ? X 91 X 480 0 

971 X a X 28*0 


mxnx 227*2 

7*67 

mxnx 2268*0 

76*52 

w X9? X 3003*2 

100*00 


The numbers in the fifth column are found by dividing the quantities in the fourth 
column by of the total weight. 

Hence to convert from analysis by volume to analysis by weight multiply the 
percentage by volume of each constituent by its molecular weight, find the sum of the 
products and divide each product by this sum. Finally multiply the result hy 100. 

V'P ' 

Alternative method. 

If we consider a mol of gas mixture instead of a cubic foot, then the mass of any one 
of the constituent gases is given by 

,,, , , n ... Percentage by volume of the constituent,, , , 

(Molecular weight of constituent) x — lb. per mol. 















512 Cmnbustion , ' ’’ 

Applying this principle to the example : 


Constituent 

Percenta?^-'' 
volume' J 

s Parts by weight 
^ per mol of gas 

Percentage 
by weight 

00, 

10-9 ' 

44 

100 

16-98 

CO 

1-0 ' 

28 X ^’5 
® 100 

0-93 

Oa 

7-1 

, 

7-3 

d 32 X 

100 

> 

7-67 

N, 

81-0 

# _ _ 81 

75-52 

Total 

.■„... 

100-00 


. f . To obtain the analysis by volume IjHain the analysis by weight. 

Divide the percentage by weight ol constituent by its molecular weight, 
find the sum of the quotients, and divide 'each quotient by this sum. Multiply the 
result by 100. 


Ex, Predict the volumetric analysis of the flue gas when pure carbon is burnt with a 
minimum quantity of air. 

The equation for the reaction is 

C+02 = C0a. 

12 32 44 

Air required per lb. of C = ^ x ^ ^ Ihfi ^b. 

32 77 

Ha associated with this air ~ x gg « 8*03 lb. 

The products of combtistion will contain only Ng and COg in the proportions: 


'J'l I 1 j 


Ocmstituents 

Parts , 
by weight 

1 

Parts by volume 
P 

Percentage 
by volume 

w 

' ' 

' \ J ■' 4 ^ 

44^, 

1 

1 

20^9 

79;1 

' ' 12 ' , 

^ ' 8'93 ■ 

wxhx44 

.'’1 

mxnxl2 
^ 8r93 ' ' ; 

mxn.x28^ 

' wi>xnrx28 

V '.•'■i' •' 1' Tl" , '8-981 
y , - ,,.-„Sta!4ofquoto^=^ ‘jl+ir, 

, |‘| .~- 

100*0 
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in a fuel, reduces this value to about 18 % whilst the necessity of excess air (to 
ensure complete combustion of the fuel) reduces the value still further; 10 % 
is a figure to which engineers aspire for efiicient plant. 


Ex. The percentage composition of a sample of anthracite was found by analysis to 
bo C, 00; Hg, 3'3; Og, 3-0, Ng, 0*8; S, 0 0; Ash, 2-0. Calculate the minimum weight of air 
for the complete combustion of 1 lb. of this fuel. 

Xf 50 % excess air is aupphed, find the percentage composition of the dry fine gases 
by volume. 



Percentage 
by weight 


Weight of 

Weight of products x^oi’ lb. 

Con- 

stituent 

Combustion equation 

O 3 required 
per lb. 
of fuel 


CO. 

SO 2 

C 

90 0 

0+02 = 002 

12 32 44 

2*400 

— 

3-3 

mm 

Ha 

3-3 

2 Ha +02 = 2 Ha 0 

1 8 9 

0*264 

— 

— 


S 

0-9 

. 

8 + 0 ., = SOa 

32 32“ 64 

0-009 

— 

— 

0-018 



Total Oa 

.2-673 

— 

— 

— 

Oa 

3-0 

— 

0*030 

— 


— 

Na 

0-8 

— 


0-008 

— 

— 

Total Og required from atmosphere 

2*643 

— 

— — 

Miniinum air required 5 = x 2*643 = 

11*49 lb. 

— 

— 

— 

Na in actual air supply = 11*49 x 1-5 x 0*77 = 


13-270 



Total Na 



13*278 

— 1 — 


Excess oxygen = 1149 x 0-6 x 0-23 ~ 1*323, 
or 0*5 X 2-643 =« 1*3216. 


Analysis of the products of OombtLStion, 


' Constituent 

Parts by - 
weight , 

1 

, ' M 

Parts by weight 
ilf 

= Parts by volume 

Percentage 

volume 

CO, 

3.3 


0-0750 

12*69 

, ■ eo,* 

0-018 


0-0003 

0*06 


1*323 ' . 


' , 0*0413 

, 7*0 


y. 13-278 ^ 

' ‘ife 

0*4740 

80-26 

„ ' j ( 

.1. 

■ ' '' 

' * i 

0-5906 



h& bopduet^ in po of water, the ^0^ would most. 
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To obtain an expression which will give the weight of air supplied per lb. 
of fuel» of known carbon content, when the volumetric analysis of 
the flue gas is known. 

Let C be the percentage by weight of carbon that is actually burnt, 

COg be the percentage by volume of the COg in the dry flue gas, 

CO be the percentage by volume of the CO in the flue gas, 

Ng be the percentage by volume of the Ng in the flue gas. 

Using these quantities: 

The actual weight of COg = COg x m x w x 44 lb. per 100 cu. ft. of flue gas. 
The actual weight of CO = CO x m x x 28 lb. per 100 cu. ft. of flue gas. 
The actual weight of Ng = Ng x m x n x 28 lb. per 100 cu. ft. of flue gas. 

The molecular weights of CO and Ng are each equal to 28. 

Now the total mass of carbon per 100 cu. ft. of flue gas is given by 

12 ’ 12 
(mxnx44x COg) x™ + (mx7ix 28 x CO) x — . 


Since the reactions producing COg and CO are 


C+Og^COg 
12 32 44 ’ 

2C+Oa«2CO 
24 32 56 * 


C per lb. of COg 
Cperlb.ofCO =^. 


f 


Moreover, all this carbon comes from the fuel; and if we make the assumption 
that all the Ng comes from the atmosphere, a simple expression may be obtained 
for the air supply, thus: 

Total carbon in the flue gas = m x x 12 (COg + CO), 

Ng per lb. of carbon in the flue gas 

m X X 28 xNg 

: . "■mxwxl2(C02+C0)' 

, , !For every pound of fuel supplied to' the furnace only C/100 lb. of carbon pass 

' . out of the flue, whence the weight of Ng per lb. of fuel is 

, > ^ '' ' ' 28Ng ^ C ’ ' 

' ' ; " M 12(COa+,CO) 100 ' , ' ' 

' ‘ ' If all this flitrogefl has come from the atmosphere, then the air supplied per Ih- 

■ 2®','s<Cxloa' 

fl' .1 I"''' 'a'”’ '‘r'-'"' 


1 






I 




1 1 . hi* 
I / ’'V J.H 
7 

(! 
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This is a very ijiaportant equation in the combustion of fuels, and although 
combustion problems can be solved from first principles without it, yet the 
solution cannot be effected with the same facility. 


To evaluate the proportion of carbon burnt to GO. 

On p. 514 it was shown that the total carbon, content of the flue gas was given 
by wxw X 12(COa+-CO), and that in the CO hy otx72-xJ 2C05 whence the 
proportion of carbon burnt to CO is given by 


w X n X 12 X CO CO 

wr^l2(C^OO) "" COgTCO’ 


and if C is the proportion of carbon actually burnt per lb. of fuel, then 


Carbon burnt to CO per lb. of fuel = 


(GO)C 

COg+CO 


ib. 


} ) 
1 


This equation is of importance when the heat loss due to incomplete com- 
bustion is required (see p. 536). 


t Ex. Estimate the weight of air supplied per lb. of fuel if the flue gas analysis was 
Ng, 80 %; COg, 10 %, and the carbon content of the fuel was 80 %, but an analysis of 
the ash revealed that 5 % of this carbon had been lost through the firebars. 

Weight of air per lb. of fuel « ~ 18‘18 lb. 

doflO-l-u) 

Alternative solution. 

Consider one mol of flue gas and for this obtain the weight of each of the constituent 
gases and hence the molecular weight of the mixture, thust. 


Constituent 

Percentage 
by volume 

Molecular 

weight 

M 

Parts by weight 
=:Mx%v/100 

CO, 

10 

44 

4-40 

Oa by difference 

10 

32 . 

3’20 

’ 

80 ' 

28 ■ 

22*40 


100 

^ 1 

30*00 


Equivalent molecular weight of gas «= 30. 

Now one mol of COg contains 12 lb, of carbon, ,bence^ 10/% of a mol contains 

^ ' , . , ; . / go ' 

' ■' ' W©ght ot dry flue gas' j)erlb'. of carbon (^dntajiied in to .gai « 25 1|>. 

L J i , f ‘ I ' , , , ^ ..J- I I ^ T I f J.) 

1 ^ V -U I 5 *•>*'/ i f ^ '* 1 I, * * *** I 

! ' '' W&hi of’diw P'S per ib'. of fuel » 


r ,100. . y, 


' 3Sf , , 
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m 

Tho weight of du by diftoieiice is 
18*75+ Weight ol steam foimed 

- [The weight ot the combustible and moi&tme m each lb. of fuel]. 

Ex. In a boiler tiial the diy coal as burned contamed 84. % (J and 3 % of liee hydiogen 
Flue gas analysis gave 11 5 % carbon dioxide, 8-4 % oxygen, 80 1 % mtiogen byVolume 
Calculate, per pound of diy fuel, thev eight ol necessary an, and theu eight of excess au 

80 1 X 84 , „ rro 11 

Actual air supphed = ^ — rp, ^ = 17 73 lb. 

od X J L t) 

O 2 required for C = 0*84 x — 2 24 
O 2 required for = 0*03 x 8 = 0*24 
Total O 2 =2*48 

Air required — 2*48 x ^ = 10*77 

Excess air ~ 7*0 lb. 

Alternatively. Considering one naol of gas. 

Weight of CO 2 « 0*115 X 44 « 5*06 lb. 

Weight of Oa « 0*084 x 32 = 2*69 lb. 

In 1 lb. of CO 2 there are Jf lb, of C. 

C in flue gas « 12x0’ 115 ~ 1 *38 lb, 

O.AQ 

Excess Oa per lb. of 0 = 

Oa per lb. of fuel =« T95 x 0*84 — 1*638. 

/. Excess air per lb. of fuel ** ^ = 7*12 lb. 


Ex. Weight of flue gas per lb. of jfuel. Excess air. {B,Sc. 1931 ) 

A boiler is fired with a fuel having a composition by weight C =** 86*1 %, Hg 3*9 %, 
Oa « 1*4%, ash « 8-6 %. Volumetric analysis of dry flue gases gives CO 2 «= 12*7 %, 
CO « 1*4 %, Oj « 4*1 %, Ng by difference = 81*8 %. Calculate 

(a) The total weight of flue gas per lb. of fuel fired. 

(b) The percentage of excess air supphed above the minimum quantity required for 
complete combustion of the fuel. 

Thewdghtafa*p«rlb.0ffuel = = lBa21b. 

the assumptiou that the ash remains in the ash pan, the fuel passing 
up dsuBoney « 0*914 


« 16*034 lb. 
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To obUin the minimum an snpplio*! pei Ib. of fuel 


('onbtitucnt 1 

by weight 

Ooinbii'^lMfii 

iquatum 

IVcifihfc of 

Og iL(imicd 

C 

8t» 1 

j 

C + O =.{ 0 

12 32 tf 

2 2Uo 


39 ! 

2K 4-0, = 2K,0 

1 8 9“ 

0 312 

0, 

14 


2 007 

0 014 


0 loqunecl 2 591^ 


KM) 

Slimmum air per lb. of fuel = x 2 593 = 11 -S?. 

Peicentage excess air calculated on the minimum quantity 

Ex. Air leakage into economiser. 

In a fciial on a boiler fitted with an econonuser the followma results were obtained: 



COg 1 

CO 

Oi 



83 1 


114 

80 3 


79 

0 

115 

80 6 j 


Determine the air leakage into the economiser if the carbon content of the fuel is 80 % ; 
also find the i eduction m temperature of the gas clue to air leakage if atmospheiic 
temperature =» 15° C,, flue temperature «= 350° C, Specific heat of air « 0*21: and of 
flue gas — 0*25. Ash from ash pan == 15 % by 'weight of fuel fii'ed. 


Air supplied = 

, 80r80-6 80-31 

Air leakage - g ^ J 


=*1*299 lb. of air per lb. of fuel. 


Weight of air per lb of coal =23*45 lb. 

Weight of fuel passing up chimney (1 - 0* 15) = 0*85 

Total weight of products = 24*30 lb. 

Heat in flue gas per lb. of coal = 24*3 x 360 x 0*25 = 2123 c.h.tt. 
Heat in leakage air = 15 x 1 *299 x 0*24 = 4*67 

2127*07 


In the mixture we can still consider the gas and the air as separate and having their 
own specific heats, but sharing a common temperature T, Thus* 

(0*24x l*299 +24*25 x 0«26) T = 2127*67, T = 333*4° C. 

»*, FaE m temperature = 16*6° 0, 
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Ex. Forced and induced draught fans. (BSc 1934) 

The Air in a boiler house is at 20 ° C. and the flue gases are at 200° C. The air supplied 
pel lb of fuel is 18 lb , the weight of fuel consumed being 2000 lb. pei hi . Estimate the 
B n p lettiined to diive a fan on this boiler uistallation indintjuung a di aught ot 2 m 
of \\atei 


(a) when the tan pioduces induced draught; 
(&) when the fan pioduoes foiced draught. 
Assume the fan to be 80 % efficient. 


Air supphed per minute 
Volume of an* at 30 in. Hg and 0° G. 


2^W8 

00 


= 600 lb. 


: 12-30x600==: 7,430 cu. ft 
2Q3 

Volume of air at 30 in. Hg and 20° C. = x 7430 = 7,970 cu ft 

473 

Volume of air at 30 m. Hg and 200° C. ~ ^ x 7430 = 12,860 cu. ft. 


The work done hy the fan Volume displaced m cu. ft x Change in pressure 



X Volume displaced in cu. ft. ~ 10*42 x Volume displaced. 


. r- j 1 10-42x12,860 

/. H.P. of induced draught fan » 7 ,-^ x — « 5 08, 

0-8 do, 000 


n,p, of forced draught fan ~ 


1 10-42x7970 

0 - 8 ^ 33,000 


315. 


Ex. Volume of flue gas. (Junior Whitworth 1934 ) 

One pound of a particular dry coal consists of 0-9 lb. C, 0-06 lb. H, and the remainder 
is ash. Assuming that 1 lb. of air ati^.T.?. displaces 12-6 cu. ft , calculate the volume of 
flue gas per lb. of coal consumed if the temperature — 200 ° C. and that the weight of 
air admitted is twice that necessary for combustion. 

x0-6+8x0-06j = 12-17 lb. 

Actual air supplied = 2 x 12-17 = 24-34 lb. 


, 100r32 

Air required j 2 


Analysis of dry Jive gas. 


Constituent 

Farts by weight w 

1 

M 

Fraction of a 
mol = M?/i/ 

OO 2 

*^X0-9=:3-3 


0*0750 

Os 

12-17 ><0'23 = 2-8 

h 

0-0875 


24-34x0-77=18 73 


0-6690 

Total fraction of a mol » 0-8315 
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Volume of dry t^as = SfisxO saio^™ = 517 0 (u it 

273 

173 

Volume of steam ^ 20 S x -= x 9 0 05 ~ 15 3 

^7d 

Total volume ot Hue gas per lb. of toal =532 3 eu, it 


Approximate Method, 

Tioatmg the hue gas as air the volume n 

1^73 


24*34 X 12*5 X = 527 5 cii tt. 
•»7Z 


EXAMPLES ON THE COMBtJSTlOX OF OASES 

1 . A gas has the followmg composition by volume hydrogen, 45 % ; mai sh gas (CH 4 ), 
36 %; carbon monoxide, 15 %, nitrogen, 4 %. Find the volume of air required foi the 
combustion of 1 on. ft. of the gas (oxygen m air is 21 % by volume). 

.h6 4*86 cn. ft. 

2 . A producer gas has the following analysis by volume: hydrogen, 18 23%; carbon 
monoxide, 26 07 %; carbon dioxide, 5*2 %\ mtrogen, 61 %; Estnnate the minimum 
quantity of air required for the complete combustion of 1 cu. it. of the gas, and the 
percentage contraction m volume after combustion, and the composition of the products 
of combustion. 

Ana. 1*03 cu. ft. ; 10*66 % ; Carbon dioxide, 16-7% ; Nitrogen, 73*2 % ; Water, 10*1 % . 

3. The volumetiic analysis of pioducer gas supplied to an engine is carbon dioxide, 
7*66 %; carbon monoxide, 22*27 %; hydrogen, 20*19 %; marsh gas, 2 778 %; nitiogen, 
47*1 %. The exhaust gases contamed 10 % of oxygen by volume. 

Estimate the quantity of air actually supphed per cubic foot of gas and the percentage 
contraction in volume m engine cylinder due to combustion. 

Am. 2*917 cu. a; 546%. 

4. Combustion of gas. {B.Sc. 1930.) 

Calculate the volume of air which is theoretically necessary and sufficient to burn 
a cubic foot of gas having the followmg percentage volumetrio composition: CH 4 , 27 ; 
Hg, 43; CO, 12; Ng, 13; heavy hydrocarbons, say C 3 H 12 , 6 . 

If the percentage of CO 2 m the dry exhaust of a gas engine usmg this gas is 6*6 by 
volume, estimate the volume of air used pei cubic foot of gas. Ana. 6*32 ; 8*77 cu. ft. 

(IM.B. 1938.) 

5. The percentage analysis, by volume, of a coal gas is as follows: H^, 48; CH 4 , 28; 
CO, 8 * 6 ; O 2 H 4 , 6 * 4 ; Og, 0 * 6 , Ng, 8*4. Determine the percentage change in volume when 
this gas is burned in nine times its own volume of air, and give the composition of the 
resulting products of combustion. 

Am. 14*5% at]j.T.y.; CO^, 6*78%; Og, 10*06%; Nj,, 84*2%. 
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(I.M.E. 1938,) 

6. Emd, for benzene, QHg, the air/fuel ratio, by weight, giving chemically correct 
combustion. 

In an engine test, using this fuel, the air/fuel ratio by weight was observed to be U/1. 
Estimate the percentage composition of the exhaust gases by weight. 

Am. 13-37 to 1 ; 5-8 ; CO 8-0 ; COg 15*7 ; 70*6. 


7. A fuel oil contains 85 % of C and 16 % of H by weight. Determine the mmimum 
weight of air required for the complete combustion of 1 lb. of this oil. 

If the air actually supplied is 20 % in excess of the minimum required, find the 
percentage composition of the products of combustion by volume, neglecting the volume 
of condensed water vapour. Ans. 15-06 lb.; N, 84-6%; Og, 3*41 %; COg, 12%. 


(I.M.E. 1936.) 

8. A coal has the following composition; C, 64 %; H, 4 %; 0, 12 %; S, 4 %; N, 1*0 %; 
moisture, 3 %; ash, 22 %, The coal is burned using 40 % excess air and produces ash 
containing 25 % unburned carbon. The air temperature is 18® C. and pressure 740 mm. 
Emd 


(a) The volume of air required to burn I lb. of fuel. 


(6) The actual volume used. 


Am. 


(c) The percentage composition of the dry products of combustion. 

99 cu. ft.; 138-5 cu. ft.; 00^, 11-37 %; N, 82-2 % ; SOg, 0-36 %; 0, 6-14 


%. 


9. Orsat apparatus. {B.So. 1937.) 

Give a brief description, with sketches, of an apparatus suitable for analysing the 
exhaust gas from an internal combustion engine, and explain how it is used. 

As a result of such an analysis it was found that the exhaust gas contained 12 % CO 2 , 
4% CO, and 84% Jfg by volume. The fuel used was hexane, Calculate the 

percentage by which the air supplied was greater or less than the theoretical minimum 
required for complete combustion. Air contains 23 % of oxygen by weight. 

Am, 15-36 % deficient. 


The Orsat apparatus for flue gas analysis , 

, ^ TheOrsat apparatus is very convenient for analysing flue gas on the spot, and 
in capable .haiifls it will give an accuracy of ±0-6 of the COg content. In its 
simplest form the apparatus is arranged, for the absorption of COg, CO and Og, , 
the nitrogen'ccnteht of the cas b'^ing obtained by difference. ; 

; V , Befening'to 275,^ O' is 'a, watef-jacketed eudiometer graduated up to 100 

' centimetres,; XHabase of the ‘eudiometer is connected to an .aspirator i;. ^ 

jju^0se;hf yhlelt 'is to charge discharged 

helSnd' them, contain respectively' J, 

feljrhtis AMoSdAf which k made b v disiolviifil ? " 


I r v#l 
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To accelerate absorption of tlie gases the flasks 1, 2 and 3 are packed with 
small glass tubes, the wetted surface of which is bared when, by raising the 
aspirator bottle and opening the tap communicating with the particular flask, 
the gas sample is '‘ntrodiiced into the flask. The expelled reagent is accommodated 
in the open duplicate flask, and is protected from reaction with the atmosphere 
by a film of oil or a loose-fitting cork. 



The large vessels B and D are sometimes provided for the continuous collection 
and averaging of the flue gas, whilst, in plant where the Orsat apparatus cannot 
be brought close to the sampling point, the time required to transmit and 
analyse the sample may be reduced by fitting a small blower of the type used in 
electric hair dryers. 


Manipulating the Or$at apparatus. 

If the apparatus can be applied directly to the sampling point in the flues, 
cock F should be opened and the aspirator bottle A raised to expel any residual 
: gas jin the eudioaneter. Care should be taken to prevent the salt water,’*! discharged 
; ih'bmM; from entering the homontaftube J J of the apparatus. On closing F 
.tie level, of the reagents in, the flasks X, 2 mi 3 must be raised to the level of the 
' ceinecting rubber tpbes'>y opening the respective cocks on the flasks and 

j, f ''^Itwater jfe tiaodW ayoidabs'o^^tioii bf the ^as©s»yrhicli might occur* to asmalliextejit,'' 
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lowerin^^ aspirator bottle. Expel the exhausted ga^ through F, and 

on closing this cock open E and lower bottlo .4 to induce a gas sample into tlie 
eudiometer. Close E and test for gas leaks in the apparatus by placing A on top 
of the apparatus, and note if the saline solution rises in the eudiometer, or if the 
reagents fall in the flasks. If all is sati&factoiy, expel the trial charge and induce 
a fresh one of 100 c.c. To ensure that the test is conducted at constant pressure 
the water level in A should be brought horizontal with that in the eudiometer, 
which is protected from temperature changes by a water jacket. 

The CO 2 is the fii'st gas to be absorbed, and this is effected by opening the cock 
communicating with flask 1, and raising the aspirator bottle A until the saline 
solution reaches the 100 mark on the eudiometer. To accelerate absorption the 
aspirator bottle should be raised and lowered slowly. After some minutes’ 
absorption the aspirator bottle should be lowered to bring the reagent back to its 
original level, when the cock on 1 should he closed. After levelling the liquid 
in A and C read the eudiometer, which gives the percentage of COg directly, 
Repeat the operation for the absorption of Og, and, if at the end of it, the eudio- 
meter shows about 82 % Ng, the presence of CO should be suspected, and a test 
made for it. It should be observed that this apparatus is not sufficiently sensitive 
to give accurate values of the CO content, because of the small amount to be 
measured, but it will detect it. 

(Junior Whitworth 1937.) 

Ex. Describe a simple form of port able apparatus by which the volume of COg content 
of a flue gas can be measured, and state the precautions you would take in using it. 

Aboilertakescoalhavingthefollowing composition: By weight C = 88 %,H = 3*8%, 
0 ~ 2*2 %, ash « 6 %; the percentage of CO 2 by volume passing up the chimney at 
245° 0. is 10*1 %. What percentage of CO 2 would you expect to read in the apparatus 
which you describe? 

Since the fuel contains H, and the flue gases at 245° C. contain 10*1 % CO 2 , one may 
presume that the analysis was performed at that temperature and therefore steam was 
present. 

In the Orsat the steam is condensed and therefore only the dry flue gases are analysed; 
hence the percentage CO 2 will be greater than 10*1. 

44 

Weight of CO 2 formed per lb. of fuel = 70 X 0*88, 

Weight of HjO = 0'038 x 9 lb. 


Volime of COg ^ X ^ X 0-88 = 26-3 ou. ft. 

OKQ 

Volume of HgO » - 75 - x 9 x 0*038 s= 6-8 eu. ft. 

18 


In the actual products there will be in addition Ng and O 2 in such proportions that 

2d»3 

wheiioeNa+0, = 227cu.ft. 
Percentage COg in the dry products » %* 

lit ^ 
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To estimate the weight of air supplied per lb. of fuel from measurements 
of CO2 only. 

Under service conditions the com]>lete analysis of the flue from a boiler, 
or internal combustion engine, is not a inaciical ])ro|)Ohitiun, but niatiy types of 
automulic instruments have been introd\iced wluidr will lecordthe CO^ content 
of the tine gas more or less satisfacl oiily. 1 1 remains then to inv estiaato the value 
of this record as a guide to the eificient conirol of tJie in'ocess of combustion. 

Let G be the proportion of caibon by weight per lb. of fuel, H the propoition 
ofhydrogenby weight per lb. of fuel, then the minimum weight ofair jier lb. ofhiol 



and, if combustion is complete, the weight of COg formed is 

44 

^xOlb. 

1a 

Let W be the actual weight of air supplied per lb. of fuel, then the w^eiglit of 
excess air is 


The weight of oxygen in this excess air is 


23 

100 






The weight of nitrogen associated with If lb. of air is 


77 

100 


w. 


The analysis of the resulting dry flue gas will be 


Constitnent 

Parts by weight 

Parts by volume 

CO 2 

Og 

r, 

a 

12 

UTf 

400 


Total parts by volume = 12+ 




524 


% COg by volume = 
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C/12 X 100 


23 


XX ttt I Trr X\J\J i OJiJ k 

l2 400 ^ 3^ L IF ( 12 I 

looa 


100/32 


■W 

800 


% CO, = 


(88 + 23)-ff1 

80,0000 


aniw-soofl]' 


•( 1 ) 


With solid fuels the hydrogen content is only of the order of 5 %, whilst If is 
about 1 8, so that 800 x 0- 06 = 40 is negligible in comparison with 111 x18 = 2000, 
and as an approximation 

80,000C 240C 

/q 002*5* OOOT17 1X7 * * (2) 


333W W ' 

The carbon content of an average bituminous coal is about 84 %, whence 

240x0*84 200 


% CO, 


( 3 ) 


W W ' 

If the percentage of CO2 is known, equation (3) will give approximately the 
weight of air supplied per lb. of fuel. 

Excess air. 

The minimum air required for an average bituminous coal having the com- 
position Ha, 6 %; C, 84 % is given by 




32 


0-84x^ + 0-05x8 X — :^11*5, 


12 

200 


1 


100 


23 




Hence the excess air —75?? — 11*6 lb. per lb. of fuel burnt. 

Tb© curve given by equation (4) is a hyperbola which gives infinite excess air 
when the OO2 is zero, and even with small values of COg the excess air may he , ' 
; ' very great. How since the avoidable heat loss in the flue gas is directly propor- 
tional to tb^ weight of excess air, equation (4) above shows that for this quantity 
' , to be, small the COa content should be great; so long as a high CO2 content does 

' 'jjidi introduce other losses, , ' ' , . ' ' - ' 

, The ohief loss which accompanies an abnbrriial reduction in the quantity of ^ 



|^^^ch’>e|^pes^uhbumti'^^^ experienced'', witt 

are 
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(Sonior Wliitworth.) 

Ex. Obtain a simple formula oonneeting the number of pounds of air passing through 
the furnace to burn 1 lb of coal, and the volume percentage^ of the CO^ passing up the 
chimney. State clearly the assumptions you make. 

This formula is incorrect to the extent of about half a pound, why is this? 

, 200 
OU 2 

Because in equation (3), p. 524, we ignored more exactly, by equation (1) 




W-—H 
111 




80.000C 2400 

-1 - - . ■ _ ^ - .. _ .. _ 

333 X Percentage COg Percentage CO^* 


In tbe approximation we ignored x H and with the hydrogen content of the fuel 

5 % the value of xHia 0’36 lb. 

(B.Sc.) 

Ex. The weight of air supplied deduced from the GOg content of the due gas. 

Obtain an approximate formula giving the number of pounds of air passing into the 
boiler furnace per pound of coal burnt, assuming 
(a) That the percentage volume of CO 2 in the flue gas is known, also the carbon 
content of the fuel, 

(&) That the flue gas analysis by volume is known, viz, COg, O 2 and Ng, but the 
carbon content of the fuel is not known. 

Why should the second formula be used with caution? 




240(7 


From p. 624, rr percentage COg' 

For the second portion of the question, consider one mol of dry flue gas having a 


The weight of O 2 in the COg 

— CO 

The weight of the free Og 

09 

0 

It 

The weight of the free Ng 

28 

The weight of the C 

— CO 


. 


The Og in combination with the products of combustion 

/28 23 32 \ ' 

*\ 100 ‘^^^ 77""100 '*/• 

TheOain combmtionwiththeHa' / . - , 

' ' I ' ^ r * '1 I 


.{ 1 ) 


( 2 ) 
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If the fuel contains only and C, then the 

C 

Percentage jjIjTo ^ 


By ( 1 ) and ( 2 ) in (3), 

Percentage C 


12COo 


28 23 


32 


.100 ^' 77 ''‘2 100 
2400CO. 


(O 2 +CO 2 ) + 


I2CO3 

100 




( 3 ) 


(4) 


The weight of air can now be computed from the equation 

NxC 

33(C02+C0)' 


By (4) in ( 6 ), the weight of air per lb. of fuel 

SOON 

~23N2+ 176002- SSOg’ 


,( 6 ) 

( 6 ) 


In the derivation of this equation we assumed that the fuel contained only Hg and C, 
and in the denominator of ( 6 ) we have O 2 multiplied by a large coefficient. Now the 
slowness of the absorption of O 2 renders this value, and also that of Ng (which is obtained 
by difference), unreliable. 

As a check on the accuracy of ( 6 ) apply it to the case of flue gas having a composition 
CO 3 , 8'3 %; Og, 11*4 %; Ng, 80*3 %, the carbon content of the fuel being 80 %. 


Direct calculation gives 


80x80*3 

33x8*3 


23*46. 


By (6), 


800 x 80*3 

23x80*3+176x8*3-88x11*4 


= 27*8 lb. 


To show that when solid fuels are burnt the nitrogen content of the flue 
gas is of the order of 60 % by volume , 

From p, S23i’ the % Ng in the flue gas is given by 
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To check the accuracy of this expression we have, when H - 0, 

Percentage Ng == = 79-2, 

111 

as for pure air. 

When burning pure hydrogen with the inininnim quantity of air only 

appear in the flue gas; so that (1) should give 100 %. 

From the equation, 2H2+02 = 2H20, the air required per lb. of Hg 

. S X 100 ^ 

IS — IT.; — lb. = IF . 


,_lb. = F. 
W " 800 


and percentage N 


8800 

^ 23 

ill -800 x--— 


100%. Q.M. 


Taking Hg as 5 % and IF as 18 lb. for a bituminous coal, 


Percentage No = 


111 - 


800x0-05 


=80-9%. 


With oil fuels the hydrogen content is about 12 % and the air may be cut 
down below 18 lb. per lb. of fuel. Using these values, how^ever, 


Percentage 


800x0*12 


=83-3%. 


Control of combustion— COg recorders. 

An experienced fireman can judge, from the appearance of the fire and the 
smoke produced, whether the air supply is correct or not. 

In the case of oil firing the air louvres are closed until smoke appears at the 
chimney (if this does not persist all the time), they are then opened until this just 
disappears f a similar rough setting may be effected on the carburettor of a petrol 
engine. Unfortunately, however, men who are sufficiently intelligent to stoke 
will tire, and grow careless over so monotonous a task; so that, on a plant of 
reasonable dimensions, the installation of a CO 2 recorder is merited. 

There are a considerable number of commercial COg recorders on the market, 
but they may be classified as follows: 

1 , Chemical absorption instruments (direct) : 

Those which record a change in volume due .to the absorption of the COg at 
constant pressure. ' , - 

, ,,Thos,6 which record a change in pressure due to the absorption of the CO^ at 
(constant volume, ' ‘ ‘ * 

, yhysicalmethods (indirect): ' , : . , , 

\ Determination’ of th^ Gp^ content ■% variations in thermal conductivity. - 

f y ' k ,‘Deterfiiin$ttiqn pf ,the' CO^ppntent iiy4he difference m density of the gas. 

' A very prouputiccd shorta^ of air on oil-fired boilers is fiidiaatedby violent pulsation 
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Class 1 . In this class a definite volume of gas is removed from the flue and 
is usually passed through caustic potash to remove the COg. The contraction in 
volume, or the reduction in pressure, is then recorded as a measure of the CO 
content. Instruments of the constant pressure type are the Simmanoe Ahady, 
the Sarco, the Mono, the Hays, and others. Of the constant volume type we have 
the Apex (Uehhng), which is a continuous recorder in contrast with the constant 
pressure type which are intermittent. 

The electric COg recorder. 

The principle on which this type of recorder works is that the value of the 
thermal conductivity of a gas depends on its composition. 

Taking the thermal conductivity of Ng as 100; that of Og is 1 01 ; CO, 96; COg, 59 
and water vapour, 130. 

How in the absence of radiation and convection, the rate of heat transmission 
through a gas depends upon the thermal conductivity of the gas. If therefore a 
simple means exists for measuring the rate of heat transmission through a gas 
of known thermal conductivity, then this gas can be identified. The simplest 
method of estimating the thermal conductivity of a gas is by means of an electric 
resistance; because the electric conductivity of a wire depends upon the tempera- 
ture of the wire, and this is turn depends upon the rate at which heat can be 
dissipated feom it. ^ 

If the wire is situated in a quiescent atmosphere of high thermal conductivity, 
then the current flowing will be greater than in the case of a wire situated in 
an atmosphere of low conduetmty. 

Unfortunately, in this particular case, the thermal conductivity of a gas is also 
function of the temperature; so that compensation must be made for this as well 
as for radiation and convection. ' 


Galvanometer 
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The bridge is balanced by introducing air into both the air and gas cylinders, 
and adjusting the resistances until the galvanometer sliows zero. Known 
percentages of CO 2 in air are then passed through the gas cyhndor, and the 
galvanometer reading is numbered in terms of these percentages. 

For the successful practical application of this principle, a number of other 
factors have to be considered, the chief of which arc: 


(а) The flue gas must be freed from dust, moisture and eori’osive impurities. 

(б) The air and gas cylinders should be at the same tempei'ature, and this 
should be high enough to prevent internal deposition of dew. 

(c) To avoid time lag the Wheatsone bridge should be close to the gas sampling 
point. 

(d) Since flue gases are usually at a pressm'e lower than atmospheric, some 
reliable form of aspirator must be fitted. 


i,,-' 

i?* /• ^ 


(e) The pipe connecting the instrument with the sampling point should be 
inclined so as to be seKdraining, and a water seal (to remove the condensate) 
should be fitted at the lowest point 
in the suction piping. 

The Ranarex mechanical GOg 
recorder. 

This recorder depends for its 
action upon the difference in 
density between COg and the 
other constituents of the flue gas. 

[COa = 44, CO = 28, Ng - 28, 

0 , = 32.] 

A sample of flue gas is drawn 
by fan A and projected on to a 
bladed impeller which is con- 
nected by a parallel motion to a 
similar impeller which re- 
ceives air, from an impeller i5 
rotated by a common belt in the 
opposite direction to A, but at the 
same speed. , 

Owing, to the difference in den- 
sity between flue gas (which has 
hoen 'carefully filtered by passage ' 

' thtough - eotton wool and water) , ; 

. and the i denaty of air, the , 

( otii( A' % difeient frpm t^xiton, , 

^ :^th ^he th^t' &e pointer moves ov^ graduated scale which has pre- 
viohiSy. be^' Wfibrate<i by g'as of.known OO2 coh^^ , 



Motor 0Rfve ' 


Fig. 277. Bsmarex OO 3 recorder. 
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EXA^MPLES 

1. jExpUm tlie braimg thit tlie compobition of Hue ;’a,se& lia® on boiki eoonomy Tn 

ways ( an a combustion lecoidoi ” ohait be used to check the ’sv oik of a stokei? 

2. Explain the orkm^ of an> type of CO^ iccoider What piecautions should be taken 
when using thp iccordoi on a boiler plants 

3 What f i ctois luliuL ncc the cfhcicncy of combustion in boilci plant i To what CAtent 
IS tho CO 2 content of the flue ^ises an indication of the efficiency'’ 

(Junioi Whitworth 1930 ) 

4. Desctibe with sketches the method employed to determine the percentage CO 
m an oidinary test of a Lancashire boilu 

(Junioi Whitworth 1928 ) 

5. Besci ibo caiefuUy a method of measurement of a high tempeiatme where a mercurv 
thermometer would be inadmissible Give sketches and indicate how accuiacy is 
obtamed 

6* Ratio of carbon to hydrogen from exhaust gas analyser, (I ME 1937) 

The diy exhaust gases from an internal combuslion engme burmng a pure hydio 
carbon fuel were found to contain COg, 12 5 %, CO, 2 7%, 83 4 %, with small 

quantities of other gases The fuel consumption was obeorved to be 24 3 lb per horn 
Estimate the ratio of carbon to hydrogen by weight m the iuel Fmd the air/fuel ratio 
and thus the air consumption of the engine Ans 6 75 , 14 16 to 1 , 344 lb per hi 

Heat loss in flue gases. 

In boiler plant the necessity for ohinmey di anght, and for a lapid rate of heat 
tiansmission, make it necessary for the flue gases to leave the boiler at a tern 
perature considerably above that of the steam produced 
This temperature, m conjunction with excess air, cause a wastage of heat 
which may amount to 25 % of the total heat produced by the fuel 
The constituents of the flue gas which are responsible for this wastage are 

(a) The dry products of combustion 

(b) The excess an 

(c) The steam in the flue gas, 

(а) The dry products of combustion, as the name implies, are the result of 
carbon reacting with air to form COg, and possibly some CO together with the 
Ng of the air which consumed both the C and the of the fuel 

(б) The excess am has already been defined as that m excess of the munmum 
air to form HgO and 00^ from the Hg and carbon m the fuel 

(c) The steam in the flue gas comes from the following sources 

. (1) Erom the combustaou of the free hydrogen in the fuel That is, if the 
analysjfe of the dry fuel contains oxygen as well as hydrogen, then the 
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r>3i 


IS invcuiab]> conihined ^ith tiie h>dio^eii so tint tli( [KKcntigt ol 

tue IwcUogeu i-ti / o 

j 11 ~ “ 

I “ 

{!) Prom ibe va-poiisaiion ol tht ilei of combnntioiiiu tlu diy Inol 
(3) Pi ora the vapuiis itjon of mob tuu 

(t) Piomtliomoisiiue contained in the ninscdioi (.omhusiioii 
(^) Pioin internal leakb in the boiki 

I lie dctemimation of tlio sensible heat lost in flio d]> Hue mxeilve s hrd 
<inilysmg the gas, and then coin cilniL, this an dvsis t o in il\ sis by i^cight 
If the percentage analysis by weight of e n h ( onstitm ut is nmltiphcd by the 
specific heat of the constituent, the product gives tlic sensible heat of the eon 
btituent pel degiee tempeiatme per himdied pounds of di)/ fluegas, and the sum of 
these pi oducis divided by one hundred, is the mean spec ifi c heat ol the di y flue gas 
Foi the steam we must obtain the total heat at the highei lempeiatuie ami 
at its pievailing piessure in tlie flue gas, and fiom this subtiaci the mill d licat 
in the constituents deiived from sources (1) to (5) 

The predommance of in the flue gas means thit its specific heat 0 2418 will 
exexcise the greatest influence on the mean siiecific heat, which, as an ippioMma- 
tioii, may be taken as 0 24 


Ex. Heat loss in flue gas. (BSc 1929) 

The volumetric analysis of diy flue gases m a boilor trial gives CO^, 13 2%, 00, 1 8 
Og, 3 2%, Ni, 81 8 % and then mean tempeiatme is 440° C If the composition 
weight of the fuel filed is C, 8S 0 %, H, 4 4 %, ash, 7 6 %, find the quantity of heat lost 
m the flue gas per Ib of fuel burnt The specifi( heats oi CO^, CO, 0^ and N, may bo 
taken as 0 216, 0 245, 0 217 and 0 244 respectnely, and the boilei house tempoiatuio 
IS 25 3°C 


Con 

stitucnt 

Peicentagy 
by volume 

% V 

Molecular 

weight 

M 

Palis 
by weight 
ii X ^0 ^ 

Porcontago 
bj weight 

bpCClllC 

belt 

Product 

CO 3 

13 2 

44 

5810 

19 2 

0 216 

4 15 

CO 

18 

28 

60 4 

1007 

0 243 

0 409 

O 2 

32 

32 

102 3 

3 39 

0 217 

0 736 


818 

28 

2290 0 

75 7 

0 214 

IS.) 

— .,1 



— 

3023 7 

99 957 

— 

23 795 


/, Average specific heat of the dry flue gas ** 0 23795. 
To obtain the weight of dry flue gas per lb of fuel 

Weight of air supplied per lb of fuel = ^7^) ** 

Weight of ash remaming » 0 076 

{Weight ot fuel+ Air— Ash) 

Weight of steam = 9x0 044 

Weight of dry flue gas per ib of fuel 


15 m 
0*396 

15 0581b, 
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Alternative method for the determination of the weight of the dry flue gas. 

From the tabulation the equivalent molecular weight of the mixture is 30-237, In 
one mol of COg and CO there are 12 lb. of C, whence total C in one mol of flue gas 

= 12(0-132 + 0-018) = l-81b. 

Weight of dry flue gas per lb, of fuel 

30-237 .oo 
= ^ - X 0-88 14-78. 

1-0 

Heat lost in dry gas = 16-06 x 0-238 x (440 “-25-3) = 1488 

Heat lost in steam = 0-396[(100- 25-3) +639+0-48(440- 100)] = 307* 

Total loss per lb . of fuel ==1795 


THE CALORIFIC VALUE OF FUELS 


Combustion. All chemical reactions are accompanied by heat exchanges; 
so, for a chemical equation to be complete, the heat involved in the reaction 
should be included on the right-hand side of the equation. 

If heat is given out the quantity is positive, and the operation is known as an 
Exothermic operation; if heat is taken in the operation is Endothermic, and 
the heat produced is negative. 

The amount of heat evolved by a reaction depends upon: 

(ft) The reacting substances, 

(6) The mass of the reacting substances. 

(c) Whether the reaction takes place at constant pressure or constant volume, 

(d) The initial and final states of the substances. For instance, if carbon is 
first burnt to CO, and then this CO is burnt to COg, the same amount of heat is 
evolved as if the carbon were burnt directly to COg. 

:The amount of heat evolved is independent of the time occupied by the 
reaction, but time determines the type of reaction. If a long time is involved, as 
, in, the rusting of iron, we have Oxidation. If the oxidation takes place rapidly 
With the evolution of heht and light, we have -Oombustion, If the rate of the 
reaction is extrefliely rapid, so that a loud report is produced, we have what is 
known n-e' an Explosion., : \ ^ ' 


To sbp’iy tbat the beat evolved by n chemical action depends only upon 
the Initial and finaj states of the reacting substances. 





"'i'' ' 'i{ 
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Indirectly the carbon may be burnt to GO, and then this CO burnt to CO^; 
thus 

2[C] + (02)-2(C0) + 2H2, (2) 

2(C0)+(0o) = 2(G02) + 2//3. (B) 

Adding equations (2) and (3) 

2[C] + (02) + 2(C0)-t-(0a) = 2(C0) + 2(C02) + 2i/2 + 2H3, 

/. C + Oa^COg+Jya + i/g. (4) 

Comparing equations (1) and (4) we see that 

Another important principle is, that by the conservation of energy, the 
energy to decompose a substance is equal to the energy evolved in its 
formation. 


I 


Ex. If the combustion of 1 lb. of hydrogen releases 34,500 c.H.Tr., provided the 
steam formed is condensed, show that 1 lb of water requires the addition of 
3830 o.H.TT. to decompose it into Hg and Og : 

2H2*I~02 = 2H20-l-heat. (1) 

Equation (1) involves the combustion of 41b. of Hg, hence the heat generated is 
4 x 34,500 o.H.tr. 

On reversing equation (1). 

2 H 2 O +4 X 34,500* 2H2+ Oa . 

But the molecular weight 2 H 2 O is 36, 

Therefore the heat to decompose 1 lb of water is 


4x34,500 

36 


=3830 


The calorific value (o.v.) or calorific power of a fuel, 

The calorific value of a fuel is defined as the number of heat units, o,H,xr. or 
B.T.TJ., developed by the complete combustion of one pound of fuel. 

If this quantity is multiplied by the molecular weight of the fuel, we have the 
' calorific value per mol, and this is iTi in equation ( 1 ) , p . 532. 


jDetermination of the calorific value of a fueL 
i;; ' The calbrifie Value of a, fuel is' deteimned^most j^recisely %y direct experiment, 

Ami.? A’lna no -a I^Tr 



If ’v^^AJtOTawely* : Wong showed that n the oalqrjno 01 the ei©me]^tary com- 

chribn,'"hydfogefi-&iVulph^ arefaioWn,' an^ ultimate. analysis 

" ’ ’ . i.- ' . . 'V ’ ' , 
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of the fuel is obtainable, then the c.v. of the fuel is approximately the sum of the 
heats evolved by the separate constituents of the fuel, thus; 

The o.v. of amorphous carbon is 14,650 b.t tj. per lb. 

The o.v. of hydrogen is 61,550 b.t.tj. per lb. 

The c.v, of sulphur is 3895 b.t.u. per lb. 

If, then, the percentages of carbon, hydrogen, oxygen and sulphur in the fuel 
are indicated by 0, Hg, Og, S, the approximate o.v. of the fuel is given by 


Doulong’s formula: 

~ [14.6OOC + 62,OOo|Ha- + 4000sl B .T.u. per lb. 

(Hg - Og/S) being the free hydrogen in the fuel. 


Or 


o.v. =2= 


1 

100 


8080C+ 34,60o/H2-^j + 2220S 


c.H.TT. per lb. 


The equation is inaccurate, because it is based on the assumption that C, H, 
and S are in their free state in the fuel, whereas considerable energy may be 
required to break up the hydrocarbons. Further, as the percentage of Og in the 
fuel is obtained by subtracting the total percentage of the other constituents 
from 100, it contains all the errors of the analysis. 


Ex. The percentage analysis of the flue gas in a boiler was COg, 12*3; CO, 0*3; Og, 6-2; 
Ng, 81 '2. The temperature of flue gases was 416’’ C. and of the boiler house 28“ C, 
Assuming that the fuel has a composition carbon 87 %, hydrogen 4 % and ash 9%, 
determine per lb, of coal burnt: 


(1) Weight of dry flue gases passing up the chimney. 

(2) Weight of air necessary and sufficient for combustion. 

(3) Weight of air supplied to the grate. 

Calculate also the percentage of calorific value of the fuel that is carried away by the 
flue gases assuming a specific heat of 0‘24. 

Actual weight of air supplied per lb. of fuel 


81*2x87 





33(12*a4-0*3) 
Weight of combustible, per lb. of ;ffiei,=« (1 ~0*09) 

Total weight passing up flues per lb. of doal 
‘ ' Weight qI", steam in flu© gas w9xl[h04; 
..Weightotoyfluegasperlb. offuel 

, ' / ' ’ air fequii^ed + 8 x-OrOi] ,• ' > 

V. 


« 17-00 lb.- 
0-91 

== 17-91 , 

^ 0-36. ' ■' 

^ms 

*11^4$ 


its 
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^ The higher calorific value of a fuel. 

I The Higher or Gross calorific value of a fuel is tho total heat evolved by 

[ one pound or one cubic foot of fuel if the prodiifsts of combustion are cooled down 

to the temperature at which the fuel and ah were supjdied. 

The lower calorific value of a fuel. 


Whether power is developed by burning fuel in the fnrna.ce of a boiler, or in 
the cylinder of an internal combustion engine, it appears hiovitahle that the flue 
gases should leave at a temperature considerably in excess of 100° C., and there- 
fore they carry with them both the sensible heat in the diy liue gas, and the total 
heat in steam formed as the result of the comlmstion of the hydrogen of the fuel. 
Now old time engineers argued that, since the specific heat of the dry flue gases 
is less than one-quarter, whilst the total heat of saturated steam, at atmospheric 
pressure, is 639 o.h.tj. per lb. and the latent heat 539, then, as an estimate of the 
effective heating value of a fuel one might take the higher c.v. less the latent 
heat in the steam formed from one pound of fuel. This difference is known as the 
Lower calorific value, 

The available calorific value of a fuel. 



The progressive increase in boiler pressure means a corresponding increase in 
the temperature at which the flue gases escape, and therefore the simple correc- 
tion, applied to obtain the lower o.v., is now less satisfactory than ever it was. 

A new concept, known as the Available calorific value, has therefore been 
introduced, and this may be defined as the higher o.v. minus the total heat in the 
products of combustion formed from one pound of fuel, and at the saturation 
temperature of the steam produced by the boiler, the total heat being measured 
relative to the supply temperature of the air and fuel. 

The calorific intensity of a fuel is the maximum temperature produced by 
the combustion of one pound of fuel, and this depends upon: 

{a) The o.v. of the fuel. 

(6) The initial temperature of the fuel and air. 

(c) The mass of air supplied per pound of fuel. 


(d) The degree of radiation from the furnace. 

An estimate of the maximum teihperature (^max.) obtained from the 

equation ^ o.v. of fuel -f- Sensible heat in air 


: . ' where sp $3, ^3, etc. are the specific heats of the constituents of masses w 

^ , etc. lb,, respectiWy, conl^injad-in the products of combustion. 


The ckrbon yalue ^nd t|ie eyapqcative value of a fuet 
' ' IptMprodnctionofpower,byfarthelargestamouhtoffuelisugedtoevaporate 
waterj so to compare the evapbrative.powpr of fuels of widely different compos^ 

‘ ' ; ' ' P* 
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tion it is customary to refer tliem to a common standard, thus: The number of 
pounds of carbon required to produce the same amount of heat as one pound of 
fuel is known as the carbon equivalent of the fuel, and is given by the 


ratio 


o.v. of fuel 
c.v. of carbon' 


The evaporative power of a fuel is the number of pounds of water which one 
pound of fuel could convert into steam at atmospheric pressure, if the water were 
already at 100 ° C. 

c.v. of fuel in c.h.tj. 

. , vapora ive power - latent heat of steam at 14-7 lb. per sq. bi)’ 


Loss of heat due to incomplete combustion. 


If the air supply is insufficient to allow the carbon to be burnt to COg, then CO 
win be produced, and a loss of heat will result, because the combustible gas, CO, 
will pass away in the exhaust gas and be wasted. A low temperature or incomplete 
mixing of the fuel and air will produce the same result. ' 

One pound of carbon burnt from C to COg, at constant pressure, produces , 
8100 O.H.F. One pound of carbon (not one pound of CO) when burnt from CO to 
COg, at constant pressure, produces 6660 O.H.TT., hence the heat evolved in burning 
one pound of C to CO is 

(8100-6660) = 2460o.H.ir. (seep. 632). 


The percentage loss of heat in homing one pound of C to CO instead of to COg' 
is therefore 


6660 

8100 


Xl00:S*70%. 


The presence of soot and sometimes Hg and OH 4 in the flue gas indicates a 
further loss of heat, and in large power plants continuous recorders for the 
determination of the (CO-f Hg) in the flue gas , are installed. 

These meters operate on the principle that by mixing a sample of flue gas with 
air apd, bringing this into contact with an electrically heated platinum resistance, ‘ ' 
- .maiittwed at 460° C.., the platinum acts as a ^'oatalyser and igpites any eom- 
. " ^bustibie gajs present. This combustion heats the wire still farther, and the in- 

■ : crdased resktapce, consequent oh the temperathre rise, is a measure of tjhe Hg 
; I > ahd^^CO content of the flue gas. 
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(B.Sc. 1920.) 

Ex. Loss due td incomplete combustion, nitrogen content of flue gas not given. 

In a boiler tnalthe volumetric analysis ofdry line gas waH COg =* 13-6%, CO ~ 1-5 %, 
The analysis of the coal fired was G = 85 %, H - 4 weight. Deteriame the weight 
of air supplied per lb. of fuel. 

If the calorific value of the coal is 8250 G.H.tT., find the percentage heat lost in in- 
complete combustion. 

In both one mol of COg and one mol of CO there are 12 lb. of carbon. If therefore the 
weight of carbon burnt to COg and that to CO are knovii, the n.t.p. volume of COg and 
CO in the flue gas can be computed, thus: 

CO 

The proportion of carbon burnt to CO is given by ^ (see p. 515) 

vUg-f- CO 

Total carbon per lb of fuel := 0*8500 

Carbon burnt to CO = 0*85 x 0*09935 = 0*0844 

Carbon burnt to COg = 0*7656 

Volume of COg per Ib. of fuel - ~ x 0*7656 ~ 32*87 eu. ft. 

Volume of CO per lb. of fuel = x 0*0844 « 2*53 
Total =« ‘25*39 cu. ft. 


The flue gas will contain in addition the nitrogen Ng in the products of combustion 
plus excess air, i.e. (Kg +4): so that the total volume of the dry flue gas reduced to 
N,T.P. is (25*39 +N 2 + 4 ). 

The percentage by volume of the COg is 13*6. 

, 22*87x100 

*• 25 * 39 +^ 2 + 4 " ^ 

K2+4 - 142-8’** 

CO + COg == 25*4 

Total volume of dry gas per lb. of fuel 168*2 cu. ft, at N.T.P. 


We must now obtain Kg in the minimum air supply, thus: 



Con- 

stituent 

Proportion ' 
by weight 

Combustion equation 

Og required 

C 

0*766^ 

C + Qg = COg 

12 32 4f 

2*043 

" H 

0*0844 

2C+Og«20O 

24 32 56 

' 0*113 

H 

0*04 ‘ 

, 2 H 2+03 = 2HgQ 

4 32' 36 

0*32 



Total Os 2*476 lb. 
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Combustion 

(N,-\-A) = 142*8 

Ng = 2*476 X ^ X ^ == cu. ft. 

A =1^1 

Nitrogen in this excess air = 37*1 x 0*79 = 29*3 
Nitrogen in the products of combustion = 1 05*7 

Total Ng 


135*0 


Percentage N 
NxC 


135 


168*2 


= 80*2. 


Prom the equation weight of air per lb. of fuel is given by 

uO ( 0^2 "r 

80*2x85 _j 3 7 jv 

33 (13*6+ 1*5) - ‘ ‘ 

Heat lost in incomplete combustion — 10,140 x 0*09935 x 0*85 = 857 b.t.u. 

857 

Percentage loss — g 25 ^x “^5 ^ 

Alternative solution. 

First calculate the volumetric analysis of the dry flue gas when the minimum weij 
of air is supplied, thus: 


Constituent 

Parts by weight 

1 

M 

Parts by weight 
M 

Percentage 

volume 

COa 

CO 

N, 

' 

44 

0*7656 

OQ 

0*0844 x~ 

XA 

77 

2*476 X™ 

23 

1 

44 

1 

28 

1 

28 

0*0638 

0*00703 

0-2950 

17*43 

1*92 

80*7 


0*36683 

100*05 



The actual volumetric analysis is COg 13*6 and CO 1*^, these reduced values result 
from the excess air A per 100 ou, ft. of dry products. 


17*43 

rrix 100 « 13*6. 


' .. “ m-f’i 

» ' * ii 

, y. 4i=28eii.ai; ,ToW'Nj.= (80-7.':f0-79 x 28J»102-8. 

1 thltrbrhhletirt ' . . ' 
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Calorific value at constant pressure and constant volume. 

When a fuel if burnt at constant volume, in a heat insulated vessel, the whole 
of the heat liberated is stored as internal energy in the products of combustion; 
whereas, if the fuel is burnt at constant pressure, and the volume of the products 
of combustion, -when reduced to n.t r., differs from the if.T.p. volume of the air 
and fuel supplied, then external work is done. 

In calorimetric tests it is the change in internal enei’gy which would occur if 
combustion took place in a heat insulated vessel that is conveyed to the cooling 
water, since in ideal calorimetry the final temperature of the products must 
ecpial the initial, and therefore a fuel, which by combustion jirodiicos an increase 
in volume, will show a smaller c.v. when burnt at constant pressure than Svhen 
burnt at constant volume, although the heat liberated by the fuel is the same in 
both cases and is given by 

Heat liberated by the fuel ~ p/J Change in volume + Change in i.e.* ( 1 ) 

Let the change in volume produced by combustion be n mols per mol of fuel 
supplied, then since per mol pv = 2780^P, the external work performed, expressed 
in c.H.n., will he 

npvjj — nx 2780/1400 x T == x LOSSiP, 

/. Heat liberated per mol of fuel = I'OSSjj-T’ 4- Change in i.e. per mol of gas. 

( 2 ) 

When n is zero, the heat liberated by the fuel is the c.v. per mol, as when the 
fuel was burnt at constant volume; but if is not zero, then the change in i.e. 
is the recorded o.v. per mol, and this differs from the heat liberated by the fuel. 
According to the relation 

(c.v, at constant volume) = l'985»I'+{c.v. at constant pressure) (3) 


If combustion produces a contraction in volume, then n is negative and the 
o.v. at constant pressure is greater than that at constant volume. 

Ex. If the calorific value of hydrogen, when burnt at constant pressure, is 34,500 o.h.xj. 
per lb., what is its calorific value when burnt at constant volume? 

The combustion equation for hydrogen when supplied with air is 

70 70 

2Ha4-0a4*gN-2H20+~N. 

6n cooling the products down to the steam will condense, so that the change ^ 
in volume is given by ' 


n 

' l y 


mols* 


n 
’ J 


J+l+zlmota. 


J 


he; mols per 2 mols of H, 

; , . o*V. at'consttovolume«-l*^$5xf x27342x34,500permol. 

^ ’ ' ' ' ' ' *^Seep. 19 and Appendix, ' ■ 
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The effect of the latent heat of a liquid fuel on its calorific value. 

Ill the conibustion ol a liquid fuel, it is not the hqmd whicR bums, but the 
vapoui gi\ en off from the hqmd If theiefoie a hqmd fuel is vapoiised and buint, 
the heat evolved will be greater, to the extent of the latent heat of the fuel 
than m the case where the fuel has to vaporise itself 

In a petrol engine combustion takes place at constant volume, and, if a heated 
manifold is supphed, then the available heat per lb of fuel i& the c v obtained 
at constant volume in a bomb caloi imeier + the latent heat of the fuel evaporated, 
and this amounts to about 80 c H TJ per lb offueF 




Fig 278 


Fig 279. 




The bomb calorimeter* 

This calorimeter was intioduoedby the late M. Berthelot, audit is accepted as 
the only type of instrument which gives a reasonably accurate determmation of 
the oaloriho value of a sohd, and sometimes a hquid fuel, when burnt at constant 
volume m an afanosphere of oxygen. 

The of the apparatus obviously arises from the shape of the vessel m 
which the fuel was originally burnt at a pressure of possibly 600 lb. per sq m 
Ik* Berfhetet’s day a variety of types of bomb have been made, and a most 
i due to ^rof ♦ Bohole®, is iree &om many of the defects of the early 

vapQwsed m the oylmdets and the exhaust temperature 
fbr the latent heat of the fuel should 
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boinl)" Pjof boles’ bomb is illusli ittd in 27S anti 270 whidiv^oit sup 
})] ltd till ouiib ilu touitcsy ol (* busson, Ltd Manelnstei 
The bomb botly is midc oi stainless steel and eoiisists ol a base (2) ^\huh sii})- 
poits the platinum ciiuible ( i), the pin pose ot wlm h to tout iin the s implo ot 
iiul The soie^ved tovti (1) e uiics i bydiaulic joint at its bi,se iiid this is an 
cHcctivo seal against gas leakage Mitkout liaMnc, to losoit to untlue tiglitt nnu 



of tbe cover on to the body of the bomb. In the cover is placed the oxygen 
connection and products release valve The crucible supports act as conductors 
for the current which is used for igniting the fuel 
Durmg a oalorimetno test the bomb is placed inside a copper vessel, kno’n n as 
the Calorimeter, which oontams 2500 c c. of water that is agitated by a stirrex 
To reduce radiation loss a felt-la^ed water jacket forms an air space around the 
calorimeter 

Since the weight of fuel that can be burnt withoutanunduly high risem pressure 
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is limited to about | of a gram, it is obvious that in view of the large quantity of ’ 
water in the calorimeter the resulting rise in temperature of the water will not 1 
be great, and therefore a very precise form of thermometer, known as the ' 
“Beckmann thermometer”, must be employed, if accuracy is aimed at. 

A convenient arrangement for firing the fuel, by current supplied direct from 
the mains, without the danger of “blowing a fuse ”, is shown in Big 280. To test 
the circuit, only one lamp should he fitted. If this lights, the circuit is complete, 
and fusing may he effected by supplying sufficient lamps to give the fusing 
current that may be determined by a prehminary test. 'WTien transferring the 
bomb to the calorimeter there is a danger of breaking the contact between the I 
fuse and wire. To ensure ignition in spite of this, stand the briquette on a piece ; 
of cotton which is attached to the fuse wire. 



Big. 281. Briquette mould. 


: Procedure^ durjng a calorimetric 

, . ' ' ' TEe yateir jacket should be J)ermanen% fille^^ and the calorimeter ^applied * , 


lhA'Ct»^A^ tx!r1a{Al9^ 






dy , but as an approxfifia^gp 

Qjpfi of the erhoiU^'WI^ K 
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it aboil] d not greatly exceed ^ of a gram. After carefully transferring the briquette 
to the crucible, about 10 cm. of 0-004 in. diameter nichrome vvire^ should be 
attached to the ignition rods by the clamping sleeves, and the crucible should be 
I swung round until the loop of ware touches tlie briquette, 

, For making the hydraulic joint place 15 c.c, of water in the base, and then 

f lightly screw on the cover. 

Couple the oxygen cylinder to the bomb, and, with the release valve closed^ 
raise the pressure in the bomb to 25 atmos]jhcros. Place the charged bomb in the 
i caloriinetor, make the electrical coimection, and fit the thermometer, start the 

, stirrer and take readings of temperature at equal increinonts of time. Continue 

I the readings for 10 to 15 min., and then close the switch and take temperature 

I readings for a further 15 min., the stirrer being kept in motion all the time. By 

[ plotting the recorded temperatures on a time base a correction may he made to 

i allow for radiation, thus. 

I Newton’s law of radiation states that heat 

(' loss is directly proportional to temperature 

^ ^ head t and to time T; so that heat flow is given 

I by kJ tdT, i.e. the area under the curve AB, 

i Kg. 282. 

In our observations we merely plot tem- 
perature and not temperature head, hut if we 
arrange the temperature of the calorimeter to Fig. 282. 

be originally just below that of the jacket, and, 

after combustion, to be just higher than that of the jacket, then a curve similar 
to Fig. 283 results. On this curve the hatched areas represent the heat gained 
from the atmosphere and the heat lost to the atmosphere during combustion. 
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If the temperature of the enclosure could be adjusted so that the hatched areas ® 
were equal, then the radiation corrections would cancel each other. To make this ! 
adjustment would be difficult, and is quite unnecessary, since the flatness of the ' 
curves AB, DE is such that, when the hatched areas are equal, the dotted areas 
must be very nearly equal Hence, produce the temperature curves to B andD 
and, by trial, draw a vertical line BD so that the dotted areas are about equal. 

The temperature rise, corrected for radiation, is given by the length BD, and * 
since the time occupied by this fictitious temperature rise is zero, then no heat 
is lost by radiation. 


Ex. Bomb calorimeter. (B.Sc. 1935,) 

Sketch and briefly describe a bomb calorimeter. 

The following particulars refer to an experimental determination of the calonfic 
value of a sample of coal containing 894 % C and 3*43 % H: Weight of coal = 0*8620 
grm. Weight of iron wire «= 0*0325 grm. of calorifle value 1600 grm.-cal. per grm. Weight 
of water in calorimeter 2000 grm. Water equivalent of calorimeter 350 grm. Observed 
temperature rise 16-235^0. to 19*280° C. Cooling correction +0*017° C. Find the 
higher and lower calorific values of the coal. 

Would you expect these values to be different from a determination at constant 
pressure? If so, why? 

Heat absorbed. 

Equivalent mass of water raised in temperature 


» 2000+360 =*2350 grm. 


Final temperature =* 19*280 

Initial temperature = 16*235 

Temperature rise = 3*045 

Cooling correction = 0*017 

Corrected temperature rise =* 3*062 

Heat received ?= 2360 x 3*062 = 7200 

Heat from fuse wire = 0*0325 x 1600 = ^ 

Heat from fuel « 7148 


Higher o.v. of fuel » 


7148 


Steain formed per lb. of fuel » 9 x 0*0343 


8280 c.H.u.^per lb. 


Vii 1 


«0*3Q86. 

Latent heat of formation at 100° 0. » 0*3085 x 540 - 167, 

^ . Lower q.v.offuel- 8280-167 . ' =* 8113 o.h.u. per Ih. 

. , For the complete combustion of ^ ; 

‘'/V' r’’ ' ' ' ' , ^ ,0'+6a«CQg+He^t,. , , - ' ' ' 

,,ie?one molq^ Oaptoduoee ommof of CO^,>so4;here is no change in volume and therefor^ 




!l.. — 1-1. -.-fc-iv' ^ _i StL -ii? Wwi Swtv! 
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Hence combustion causes a contraction in volume, and therefore the o.v. of the Hg 
constituent at constant pressure is greater than at constant volume. 

A constant pressure determination of cj.v. wiU therefore give a slightly higher o.V, 
than a constant volume determination. 


Determination of the water equivalent of a bomb calorimeter. 

The water equivalent of the apparatus may be obtained by burning a weighed 
sample of a fuel that may be obtained in great purity and the c.v. of which is 
known precisely. Benzoic acid, camphor and resublimed naphthalene meet 
these requirements. 

The procedure is to weigh the crucible and about 4 in. of iron fuse wire, and into 
the crucible place about 1 to 1 J grams of benzoic acid. Melt this down and cast 
in the fuse wire, then weigh the whole in order to obtain the weight of acid. 
Place the crucible in the bomb, which should then be reassembled and charged 
with oxygen to about 26 atmospheres. Immerse the bomb in water to test for 
leaks. If the joints are satisfactory make the electrical connections and start 
the stirring gear. Take temperature readings at intervals of a minute, for at least 
10 min. After 5 min. close the switch to ignite the fuel, and continue the readings. 
The results of this experiment are as follows: 


Weight of crucible d- Benzoic acid + Iron wire 
Weight of crucible 

Weight of iron wire 

Weight of benzoic acid 

Calorific value of benzoic acid == 6328 o.h.tj. 

Calorific value of iron wire == 1600 o.h.tj. 

Heat in benzoic acid = 1-7956 x 6328 

Heat in iron wire ^ 0*0082 x 1600 

Heat supplied 

Corrected temperature rise « 4*797° C. 

11383*1 

Heat generated per degree rise in temperature = 

Heat in 2000 c.o. of water per degree 
Water equivalent of bomb 


6*9167 g. 
5*1129 
1*8038 
Q>Q082 
1*7966 


11370*0 

13*1 

U383*l 


2375 

2000 

376 


The chlorifie value of liqqid fuels hy the bomb calorimeter* 

’ ' The procedure to be adopted depends on the fuel; if this is so volatile that it 
;:oarinot’be wqigh^d in an open crueibls mthout loss, or wbuld form a dangerously 
’ ' explosive inixture.with'oxygen, thep the sample must be drawn into a tared thin 
f^iass b'y alternateiheatinig alnd pooling of the bullb^ wMeh is then sealed oi!^ 

iik, fi »*« /vnwTrv if, In** 



I ffi- ? 


W-iI« 


35 
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cotton coated with paraffin wax, which is ignited, so that due allowance must be 
made for the calorific value of the wrapping. Precaution should be taken against 
the fuel spraying during the bursting of the bulb 
by standing the bulb on alundum powder. A sketch 
of the arrangement, together with the results of 
a test, are given below. 

In testing fuel oil, which is almost non-volatile 
at atmospheric temperature, about 0*9 c.c. may 
be run on to a layer of Fuller’s earth*^ contained in 
the crucible. The combined weight of crucible and 
powder is first obtained, and later — ^by taking a 
difference — the weight of the fuel may be esti- 
mated. The remainder of the operation is similar 
to that employed for solid fuel. 

Ex. Calorific value of oil fuel. (B.Se. 1933 .) 

In an experimental determination of the calorific value of an oil having a hydrogen 
content of 12-5 % the following data were obtained: Weight of oil = 0-882 grm. Weight 
of water ~ 2532 grm. Eise in temperature of water = 2-861° C. Cooling correction 
+ 0-059° C. Weight of cotton used in igniting oil — 0*006 grm. Calorific value of cotton 
=^4000 o.E.u. per lb. Water equivalent of calorimeter ~ 810 grm. Temperature of 
laboratory = 16° C. Find the higher and lower calorific values of the fuel. 

Heat to water = (2632+810) (2*851+0-069) « 9733 
Heat in cotton =; 0*006 X 4000 =5 20 

Heat from oil w 9713 

9713 

Higher calorific value- = 11,010 o.e.u. 

U*qo2 



Steam formed = 9 X 0*125 — 1*125 lb. (per lb, of oil, since o.v. is calculated on 1 lb, of 
fuel). 

Latent heat at 100° C. = 540 
Higher c,v, of fuel =11,010 

Heat in steam formed = 54b x 1*126 = 

Lower o.v. pf fuel 


= 10,402 c.H.ir, 


. The calotifiic Valhe of gaseous fuels* » 

' vThe. calorific value of gaseous or volatile fuels Js more readily obtained than^ 

/ ' ' iliati of solid fuels, because the fiiel may be burnt at atmospheric pressure in a ' 
' .f ^peei^L boiler, and a. heathajauofe drawn up between the heat supplied to tb ‘ 




3r minute is ‘ - ' , ' 
cpusum^ed 


, f \ 
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Coynhmtion 

The heat leaving the calorimeter is 

(a) The sensible heat in the cooling water. 

(b) The sensible heat in the products of combustion. 

(c) The sensible heat in the condensate produced from the hydrogen in the 
fuel and the moisture in the gas and air. 

{d) That due to radiation. 




i 



' 

In an efficient calorimeterj properly run, the products will leave at almost the 
■ same temperature at which the air was supplied, so that these heat quantities will 
cancel eac^i other, and the low product temperature means that radiation will 
/ be absent. Under these conditions, the calorific value of the gas as burned 
’'/will be } ' V > M, ' / ’ ^ 

Tempei^ature rise x Mass 'of greolating water per unit time x Specific heat 
: . Voimne of gais consumed per unit time ! ' 

j It jUidst b^ objidous that to secure a low outlet tempemture of, the products of 
bdmbuslapia, tdthout the'productioii of smohe, a definite relationship must exist 
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beiweeu the rate at which the gas is burnt, and the rate of flow and the teni' 
peratuio rise of tho circulating water. The Board of Beferees have recommended 
a meior speed of of I cu. ft. per min., for a test occupying 4 min., during which 
2100+50 c.c. of water should be circulated, and the temperature rise should he 
about 20° 0. 




A gas ptesaure regulator, shown in Mg. 286, is used to damp out the pulsations 
in the gas supply which would affect adversely the results. In the same way a weir 
is proYided to ensure a uniform supply of circulating water, while, to avoid air 
hffbbles which would affe(?t the spedfio heat of the water, the water should he 


maons. 
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Strictly speaking, tlie gas 'j)rossiiro and li‘m[>oiature should he ineabured at the 
inetcr, siiuo tins is where the volume is leeoided, and for comparativo results 
tlie recorded volume should be reduced to s.T.r. ' When rcfei'i ed to this standaid 
lighting gas has a oaloiilic value of 500 B.T,ir. jier cubic* foot, one therm being 
1 00,000 B.T.U. 

The apparatus illustrated in Fig. 288 is used for ealibratiug the gas meter. 
It consists of a jar having a ca])acity of j^^of a cubic tool coupled lo an aspii*aior 
tank. With the tank in the position shown and cock B o])en, the jar may he 
filled with water. On closing coek B and opening ^1, and lowering the tank, gas 
ivill flow into the jar. When the jar is lull the volume recorded by the meter 
slioiild be ^ of a cubic foot. 



Calorific value of coal gas, (B,So. 1912.) 

A sample of gas was tested in a Junker gas calorimeter and the results were: Gas 
burned 2*13 eu. ft. Temperature of gas 63® F. Pressure of gas supply 2d in. of water. 
Barometer 29*92 in. of Hg, Weight of water heated by the gas 60*3 Ib. Temperature 
of eireulating water, inlet 47-6® F., outlet 72*4® F. Steam condensed during the lest 
0*116 lb. Detormino the higher and lower calorific value per cu, ft. at a temperature 
of 60® F, and barometric pressure 30 in. Hg. 

We must first refer to the volume as burned to the standard condition thus; 


Supply Standaid 
Pi 

‘ ’■J’a 2*1 

®j = M3, = yj = 620°I'. 

j)i = 29-92+^ = 30-076 yj = 30. 

* is standaird temperature 60® F, and standard prmuie 30 in. Hg, 
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2-13 X 


Combustion 

30-075 520 


=2-164 cu. ft. 


30-0 513 

Heat absorbed by tho ciiculating water = 50-3(72-4 - 47-6) = 1248. 

Insnffidont data are given to allow for the heat lost m the products of combustion, 
and in the condensate. 

1248 

Higher caloi-ific value = b.t.it./cu. ft. 

Latent heat ol steam formed = 966 x 0*116 = 112. 

(1248-112) 


Lower c.v. 


2-164 


= 524 B.T.u./cu. ft. 


EXAMPLES 

1 . Calorific value at constant pressure and constant volume. 

Distinguish between the calorific value of a fuel when the fuel is burnt at constant 
volume and when it is burnt at constant pref?sure. What is the relationship between 
the two calorific values for a gaseous fuel* 

If the calorific value of the following fuels, when burnt at constant pressure, aie 
C to COg, 8100; C to CO, 2416, CO to COg, 2436; CH 4 , 13,344 c.h.f. per lb., show that 
the calorific values at constant volume are 8100, 2439, 2426 and 13,276 respectively. 

2. Calorific value. (B.Sc. 1937.) 

You are required to determine, by means of a bomb calorimeter, the calorific value 
of the coal being used in a boiler trial. Carefully describe 

(a) How you would sample the coal. 

(b) The procedure you would adopt and the readings you would take in carrying out 
the experiment. 

(c) How you would employ your observations to calculate the required calorific value. 

3. Calorific values. (B.Sc. Part 1, 1939.) 

Bistmguish between the higher and lower calorific values of a fuel. 

A gas engine uses gas of the following percentage composition by volume; 
Hg, 48; CH 4 , 22 * 6 , CO, 19; Ng, 6 ; COg, 4-5. The gas consumption is 24cu.ft. at 
ir.T.P. per h.p, per hr. Calculate the thermal efficiency of the engine, given that the 
o.v. of CO is 190, and the lower o.v.s of Hg and CH 4 are 162 and 536 c.h.xi. per 
cu. ft. at u.T.?, If 6-5 cu. ft. of air enter the cylinder with every cu. ft, of gas, what 
is the calorific value per cu. ft. of combustible? Am, 26*1 %; 31-2c,H.ir. 

.-4. Calorific value of oil. (B.Sc, 1929.) 

The analysis of a certain oil fuel gave 86*5 % of carbon and 13-6 % of hydrogen; its 
specific gravity was 0*88. It was tested in a bomb calorimeter and the following data 
wete obtained; Weight of oil, 0*9 grm. Total weight of water, including the water 
equivalent of the calorimeter, etc., 2700 grm. Observed rise of temperature of calori- 
jpeter alter being corrected for radiation, 3-'6‘‘ 0. Air temperature, IS** 0. Estimate the 
and Ibwer caJorifio valuas of the fuel. 
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('aiboii ^^hen completely lunut iii o\ygeu <fives oui SOSO oh.tt. pei lb , hydroiyen 
i‘i\ es out 34,000 c H u. Calculate the Inglier and lutt or values ol the tueltroin these data. 

Comment on the diffeienco betAvceii these two sets ol values, 

Afis. 10,500, 0^45, 11,573, 10,0lH 

1030.) 

5. Define higher or gioss ealoiific valu<* of a fuel. Given the groBs calorific values of 
e<iibnn and hydiogeii aie respectively 80SO and 34,500 C'.n u ]ier lb , find tJie ralouiic 
value of a coal having analysis by weight of C = 0*872, H a=- 0 04 1, 0 - 0 010, .ish ~ 0*008. 

The weight of this coal fixed per hour m a boiler plant was 1352 lb., tho ashes and 
cinders collected per hour w eighed 173 lb and the mean volumetiu* analysis of the Hue 
gas was CO 2 , 13 0, CO, 1*6, Og, 3*6, Nj, 81*2 %. An analysis of the ashes and cmdeis 
showed a carbon content of 38%. Find what peicentage ot the calorific value of tho 
fuel was undeveloped owmg to incomplete combustion. One pound of carbon burnt 
to CO evolves 2420 c h.ti. Jn&\ 5*8 % . 


6 . A sample of coal gas has the following analysis by volume hydiogen, 46%; 
marsh gas (CH^), 39*5 %; olefiant gas 2*63 %; tetrylene (CjITg), 1*27 %; carbon 
monoxide, 7*5 %; nitrogen, 0*5 %; water vapour, 2 %. Calculate 

(a) The volume of air required for complete combustion of 1 cu. ft. of gas. 

(b) The higher calorific value in b.t.it. pex cu. ft. 

(c) The lower calorific value m b.t.u. per cu. ft. 

A91S. 5*76 cu. ft. ; 680 b.t.tj. ; 614 b.t.tj. 

7. A producer gas has the following percentage analysis by volume: hydrogen, 16; 
carbon monoxide, 20; carbon dioxide, 6 ; nitrogen, 58. Determine 

(а) Its calorific value at standard temperature and pressure per cu, ft. 

( б ) The minimum amount of air for complete combustion. 

(c) The volumetric analysis of the products if combustion is complete. 

Calorific value of 1 lb. of C burning to COg, 14,500 b.t.u. per lb. 

Calorific value of 1 lb, of C burning to CO, 4,400 b.t.tj. per lb. 

Calorific value of 1 lb. of H burning to HgO, 62,000 b.t.u. per lb. 

Volume occupied by 2 lb. of hydrogen at standard temperature and pressure is 
358 cu. ft. Ails, 123*6 b.t.u. ; 0*857 ; Ng, 82*9; CO 3 , 17*1. 


8 . A sample of gas was tested by a Junker gas calorimeter and the results were; 


Gas burned in calorimeter 
■pressure of gas supply 
Barometer 
Temperature of gas 
"Weight of water heated by gas 
Temperature of water at inlet 
Temperature of water at outlet 
Steam condensed during teat 


2*13 cu. ft. 

2*1 in. of water. 
29*92 in. of mercury. 
53“ F. 

60*3 lb. 

47*6“ P. 

72*4“ F. 

0*116 lb. 


Determine the higher and lower calorific values per cu. fb, at a temperature of 60“ F, 
and barometric pressure 30 in. of mercury. r 

Ans. 578 b.t.u, per cu. ft.; 526 b.t.u. per cu. ft. 
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(IM.E.1937) ^ 

9. The lower caloiific value of benzene is 9640 c.H.u per lb. Find the volumetric ^ 

heat m c H IT. poi cu ft oi an benzene miitaie at n t.p , when jn the proportions givmg 
cheinirally correct eoinbustion. Neglect the volume of the fuel. t 

What IS the percentage change of volume on combustion^ 

Ail contains 21 % by volume of oxygen. Am. 58*2 c n.n. ; 4-2% at ir t.p. 

10. Heat loss in products, excess air, and incomplete combustion. 

The gas analysis in a boiler trial was CO 2 , 10-5 %; CO, 1 %; Og, 8 %, Ng, 80«5 % and 
coal analysis burned was C = 82%, H 2 = 4*2%; 02 == 4*8%, other matter 9%. 
Calculate the foUowmg items in the heat balance per lb. of coal, the temperature of the 
flue gases being 600° F. and temperature of air supply = 60° F. : 

(а) Heat carried away by products of combustion. 

( б ) Heat carried away by excess air. 

(c) Heat lost in incomplete combustion. 

Average specific heat of products =5 0*24; average specific heat of air = 0*238. 

1610, 865, 724 b.t.u 

1 

11 . Orsat apparatus. Loss due to incomplete combustion. (B.Sc. 1935.) 

Carefully sketch and briefly describe the apparatus you would employ to analyse 
the flue gases during a boiler trial. Show how you would use the apparatus and explain 
what precautions you would take to minimise the lag between the appai'atus and the 
flue, 

A boiler fired with coal having a calorific value of 8200 o,H.ir, per lb. and containing 
84% C gave a flue gas analysis of CO 2 , 36*1 %; CO, 2*3 %. Neglectmg the ashes and 
clinker, find the percentage loss due to incomplete combustion. One pound of C burnt 
to CO and COg gives respectively 2420 and 8080 O.H.U. Am. 7*66%, 

12. Nitrogen content not given. (London B.Sc. 1923.) 

A boiler is fired with coal having a percentage composition: carbon, 85*1 % ; hydrogen, 
4'2%; oxygen, ash, etc., 10*7%. The analysis of dry flue gases shows 10 * 2 % COg. 
Estimate the weight of air supplied to the furnace per lb, of fuel fired. 

If the measured temperature of the flue gases at chimney base is 410° C. when con- 
sumption of boiler is 1625 Ih. per hr., find the mean speed of the flue gases entering the 

ohinmey if its cross-sectional area is 18 sq. ft. Am, 204 lb. ; 3 6*13 f.p,s. 

* 

13. Loss due to incomplete combustion. No N 2 given. (Senior Whitworth 1922.) 

# 

Explain, with sketches, how the dry boiler flue gases can be analysed. 

An analysis of the flue gases in a boiler trial gave 12*6 % COg, 1 % CO. The chemical 
analysis of the dry fuel gave 84 % 0 and 6 % H. Determine the weight of air used per lb. 
of ftisl oousumed. What percentage of fuel is lost due to incomplete combustion if the 
oalochlo value of tho dry coal is 8300 o.n,u. per lb. 1 ' 

^ 7)hi0 calorifio vahx© of 0 » 8060 o,H,u, per lb. when burnt to CO 2 and 2400 per lb. 

burisli 00. Am, 16'21 lb. ; 4-24 %. 
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14. No nitrogen given. (Senior Wlni woiih lJ)2o.) 

Tlie analysis hy weii-ht of coal used in a boiler ga\e C, 8<> 0^, 3 *’o, and 

the Hiialysib by volume ot the dry Hue g.is gave 104% COy Wlwi percentage ol 
and fehoiild be obtained in the "1011111101110 ariidvsis of dry due ga-s, ciasuiiiiiig no (^O 
uas pieaojit and that the combined Og ol the fuel was Iroi' to aid the incoming air to 
oonsiuue the fuel ? 

n the me in temperaluie of the fiuo gases w as 350° C., gi ve 1 ho total boat pabsiiiu u] > 
tbe chimney due to both wet and diydne gases per lb of fuel buinfc 
Assume a mean specific beat of the di*y gases as 0 23. 

Am. 0 ], 0-27%, N,, 80-3%; TotaUieat, 1035c.Tjrr. 
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BOILER TRIALS 

The orthodox method of testing boilers and engines has been formulated 
Committee of the Institute of Civil Engineers, and this report*’’ outlines, in 
minutest detail, the recommended methods of conducting such trials, an 
expressing the results. It is the purpose of this resume to indicate how a c 
mercial test may be run without any special equipment, and without interfe 
with the operation of the power station. 

Since the main object of a boiler trial is to determine the thermal efficienc 
the boiler, and to locate sources of heat loss, we must take sufficient measurem 
to strffie a balance between the heat supplied to the boiler and that leaving. 

Heat supplied. 

The heat supplied to a boiler is derived from: 

The calorific value of the coal and its sensible heat. 

The air supply which will contain both dry air and superheated steam m 
with it. 

The sensible heat in the feed water. 


Heat leaving the boiler. 

The total heat in the steam. i 

The heat in the dry flue gas 4* that in the superheated steam associated ^ 
the dry gas. 

The sensible heat in the ashes together with the calorific value of the ash. 
Radiation, blow down water. 


Measurements. 

Since a steam boiler is virtually a continuous calorimeter, it is highly impor 
that therm^ conditions should be settled before the trial commences. Wr 
boiler that has been shut down, this might require a whole day. As far as poss 
the .boiler should be kept on constant load, with the water and fuel levels m 
, tained' at their best value, and the tos olean^ just prior to the trial. 

, A record of the variables should be taken every M min. and plotted op a i 
,r bas^. ’This gives the computer an idea of how the trial is being conducted 
>^por|ant^pre,wtipn wi'^h.tbq type' qf, fireman who‘ fills the furnace with 
a it'^ shows at once any fft' 

‘h' 1, , ' ',V / ' U 

'■ ■ ; 



Ws ‘.f - . 
1 .. .. . . ... 
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Fuel consumption. 

In small plant the fuel consumption may be determined by weighing, in larger 
plants volumetric measurement is better, and may be simply effected by emptying 
the coal into a shallow bottomless bin of known volume that is placed on the 
stokehole floor. 

Sampling and testing the fuel. 

Take a shovelful of fuel from every two to four hundred weights, and allow 
this to accumulate in the form of a cone. Towards the end of the trial, quarter 
this cone, and take opposite quarters, and re-mix these into another cone. Repeat 
the coning and quartering until the sample is small enough, about 3Q lb., for 
despatch for chemical analysis, and the determination of its calorifio value, 
as fired. 

Feed water consumption. 

In the absence of any special measuring device the feed water consumption 
may be estimated from the double strokes of the feed pump, variation in stroke 
and leakage being allowed for by shutting down the boiler check valves and 
discharging the feed, against a pressure equal to that of the boiler, into a tank 
where the discharge, over a period of 10 min,, may be measured together with 
the number of strokes of the pump. 

The air supply. 

If forced draught is employed, an anemometer may be used to estimate the 
air consumption by running the anemometer over the fan Inlet, and in this way 
obtain the air velocity. Alternatively the flue gas must be analysed at points 
where the temperature is recorded. 

Temperature measurement. 

Mercury thermometers are the least expensive instruments for the measurement 
of moderate temperatures, but, for flue gases and high degrees of superheat, some 
form of electric pyrometer is to be preferred. In the absence of a pyrometer 
the temperature of the flue gas may be estimated by hanging up a large nut in the 
uptake, and, after about half an hour, this nut should be dropped into a pail of 
water and the temperature rise measured. 

Sampling » weighing and analysing the ashes. 

, The ash should be removed at the, end of the trial, weighed, coned and quartered, » 
;^and a , sample .despatched for a calorific determination. If the ash is slaked, due 
, allowance must he niade for th-e added water. ’ 

Kwmidity of the air . 

. ^ :■ An accurate ^'timatiGn of the heat loss in the fiue gas Inyolves a knowledge of’ 
}'thh.steam‘cpnl3entn0he gas', This steam, apart from leaks in the boiler, is derived 



Comhastioifb 


556 

fiom the iuel and air. The moistuic and hydrogen content of the fuel has already 
been determined, that in the air is obtained by a means of a hygrometer. 

The total heat in the steam associated with the flue gas may be obtained from 
tables, if the dew point is known, but in most trials this is not known, and as an 
approximation tlio total heat is taken at 14*7 lb. per sq. in. Since over a small 
pressure range the total heat is almost invariable. 


Ex. Boiler trial. 

The object of the trial is to obtain a heat balance for an enonomic type of boilei 
using only the standard equipment normally employed in opeiatmg the boiler. 


Particulars of the boilers. 

Type. Economic brickset type. 

Method of stoking. Standard. 

Draught. Natural. 

Length. 12 ft. ti in. Diameter 6 ft. 6 in. 

Grate area. 2 ft. 10 in. by 5 ft. 0 m. == 14*2 sq. ft. 
Heating surface. 590 sq.ft. 

Ratio. = 

Grate area 

Rated evaporation. 2960 lb. per hr. from feed at 60'* F. 


Fuel. Bituminous slack: firing rate 4 owt. per hour; ash J cwt. per hour. 

Proximate analysis gave 

Fixed carbon =» 58*3 %. 

Volatile matter - 33*3 %. 

Moisture = 3*8%. 

Ash == 4*6 %. 

By reference to Brame’s book on fuels, the ultimate analysis of a similar bituminous 
slack, together with the proximate analysis, is given, so from our proximate analysis the 
ultimate analysis may be inferred as C, 86*4 %; H, 6*2 %; HgO, 3*8 %; ash, 4*6 %. 

The calorific value of the fuel by means of the bomb calorimeter was found to be 
7280 c.H.u.; that of the ash, from the ash pan, was too small to be determined. 


Flue gas. COj, 11*3; Og, 8*2; N, 80*5. 



Weight of air per lb. of fuel - 

= 18'671b. 

Weight of air+1 lb. of fuel 

= 19-67 

Weight of ash from ash pan per lb. of fuel 

= 0-03 

Weight of flue gas 

19-64 

Steam formed by combustion 9 x 0*052 q- 0*038 

= 0-606 

Weight of dry flue gas 

= 19-134 lb. 

Average temperature of flue gas 

=026-6“ C. 

Average temperature of boiler room 

B 12-6 

Temperature rise 

= 313-0“ 0. 

Heat lost in dry flue gas = 19*134 x 0*24 x 313 

= 1436 

lost in steam « 0*606 x 740 

= 374 

heat lost 

« 1^)9 






F^. 4, 1944. 



Combustion 




Feed water. 

Double stiokes oi pumj) pei hr. 

C'ahbiated discliaijio {)ci lOP (loii!>lo shokes 
Total cliscliaige per lu*. 

Feed tempoiatuie 

Heal m i ]ie.feed per Ib ol lael abo\ e 0 ' ( = 


Steam. 


77x302:^ 

m 


- loBi-b 
=:= W lb. 

- :{b22 Ib. 

-irv. 


Gauge [uehsuie — 34 lb. per sq. iti. 

Baromelcr =s]'4'4 

4b 4 lb. pei bq. ni. 

Dimness liaction - 0-07. 

Total heat per lb. of steam = 137*7 + 0-1)7 x 515 = 037 -7 c ti tr. 

Heat in steam per lb. of fuel == 637*7 x 5155 O.H.U. 

448 


Heat account per lb. of fuel. 


Heat transfen eel to water = (6165 —622) — 4533 c ir.F, 


Heat loss in dry flue gas = 1435 

Heat loss in steam = 374 

XJnburnt carbon = i) 

Radiation bk 938 


Total 


= 7280 o.H.tr. 


Deductions. 


Heat transmitted per sq, ft. of heating surface per hr, in c.h.tj. 

44S 

= 4533 3438. 

Fuel fired per sq. ft. of grate area per hr. 

44S 

Evaporation per lb, of fuel as fired 

Sfi22 „ , ,, 

= -^=8.1 lb. 

Equivalent evaporation from and at 100® C. 

^833 „ , ,, 

= 839 = 

Thermal efiSiciency of boiler 

— ~ a2*3 

Heat loss in flue gas 

« i??? _ 24 q 

7280 

Radiation 

= ^=12-88%. 


Ex. Boiler trial. (B.Se, 1933.)^ 

In a test of a boiler the following data wore obtained: Coal analysis dry: C, 85*2 %; 
H, 4*8 %; ash, 10 %. Gross calorific value of dry coal, 8430 cji-ir. per lb, ; moisture 
content, 1*8 %. Coal consumption, 3260 lb. per hr. Boiler room temperature, 26^ 0., 
feed water temperature 66® C„ steam pressure 180 lb. per sq. in., temperature 219*6® 0., 
steam raised, 28,000 lb. per hr. The analysis of the flue gas by volume gave CQe, 
94%;0s,lH%;]S[ij, 79*6%. 
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The tcmpeiature of the gases in the uptake \\as 310° C , mean specific heat of dn 
gas 0 24 

Make a complete heal balance foi the trial per lb of dry coal, based on the grow 
calorific value of the fuel 


iSteam. 


Steam temperatuie 

Saturation Lempeiatuie at 180 lb per sq m. 
Degiee ot superheat 
Total heat m steam 
Heat m feed 

Heat supphed per lb of steam 


Water evaporated per lb of fuel ~ 


28,000 

3250 


==219 5°C. 
= 1S9 5 
= 30 0°C 
= 686 c H u 
= 55 

= 631 c n u. 
= 8 62 lb 


Heat supplied to steam per lb of fuel = 8 62 x 631 = 6440 c h u. 


Flue gas. 


. ^ , , 795x852 

Arr actually supplied = — 33^4 


1 00 r32 

Minimum air = 12 ^ ^ 862+ 8 x 0 048 

Excels air 
Actual air supplied 
Combustible per lb. of coal 
Total weight of flue gas 
Weight of steam :ii!0 018+9x0 048 
Weight of dry stuff 
Weight of excess air 
Weight of dry products 


= 21 S3 lb. 

= 11 55 

= 10^ 

= 21 83 
= 090 
= 22 73 
045 
= 22 28 
= 1028 
= 12 00 lb. 


F we regard air and the products as havmg the same specific heat 

Heat loss m dry piodu cts = 12 x 0 24(310 - 25) = 822 

Heat loss m excess air = 10 28 x 0 24(310 — 26) = 703. 

Heat loss m steam in flue gas:ii :0 46[639“-26+0 48 x 210] = 321 


Heat balance fer lb of dry fuel 




OKU. 

% 

1 

Galorifi .0 value of 1 lb. of dry coal 

84D0 

100 

2 

Heat traoBferred to water (thermal efiSoieiioy) 

5440 

64 5 

3 

Heat in dry products of combustioa 

822 

9 75 

4 

Beat in excess aix 

703 

8 34 

5 

Heat in steam associated with products 

821 

3 81 

6 

Heat due to mcomplete combustion 


— 

7 

Heat due to unburat carbon m ash 



a 

Heat unaccounted for 

1144 

13 68 


k 
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1 Lotomolive boiler trial. (B fee 1924 } 

lh< \olumetiic Analysis of the flue ^ises ol a loiomotne boilei iv is COo 15 
CO 2 2 % 0^, 1 b %, N 2 , SI 2 % The ciloiihc v ilur of the (oil is S2lOc 11 u i lb , 
111(1 the cu bon content ho % We^lifcof tindtis indashpeilb of (oalfiiodwisO ISlb 
incl these cont lined 62 % c^aibon Dele 1 mine the percentile of the caloiihc 'value oi 
the coal which w is lelu illy piodueed as heat 111 the furn ice 
If the cfheieney of he it ti insmission thionirh the tubes w is 75 ® whit vv is flic 
ev ipoiatjon lioin and at 100“^ C pei lb of coal iiif 

I lb of C binned to 00 ^11 es 2420 < n v 
1 lb ol C burned to CO^ gives 80bO t ii n 


2. Describe the testing of a boilei plant. 


Ans 82 7%, 9 *53 lb 


3. Water tube boiler trial. (B St 1937 ) 

The following paitioulara relei to a trial on a coai-fiied 'watei tube boilei feteim 
pressure, 195 lb per sq m Diyness, 0 95 Feed watei per hour, 4500 lb foal hied pti 
houi , 610 lb Mean feed temperature, 65° C Mean boilei house tempeiatiire, 24° 0 
Mean flue gas tempeiature, 390° C Analysis of dry flue gas by volume 00^, 8 7%, 
O 2 , 11 6 %, Ng by difference, 79 7 % Specific heat of cby flue gas, 0 24 Analysis of 
diied coal C, 86 1 %, Hg, 3 68 %, ash, etc , 10 22 % Moisture in coal as firt d, 2 %. 

Make out a complete heat balance sheet for the boilei pci lb of dry coal 

Ans. Heat balance pe? lb of dty coal 


Calorific \ alue of the fuel 

8217 CHtr 

Heat to steam 

6125 

Heat to dry flue gas 

2146 

Heat to wet flue gas 

264 

Badiation 

--318 


4. Lancashire boiler trial, (B Sc 1936 ) 

In a trial of a Lancashire boiler the composition by weight of the coal fiied was 

0 ~ 86 1 %, H » 3 8 %, ash ss 10 1 %, and the volumetric analysis of the dry flno 
gases gave COg, 10 4 %, 0^, 9 3%, Ng, 80 3 % If the mean temperaiuie of the flue 
gases was 382° 0 and the boiler house temperature *wa8 28° 0 , find the heat earned 
away m the dry flue gas per lb of fuel burnt What percontago is this of the gross 
calonflo value of the fueD Take the mean specific heat oi the diy flue gases = 0 23b 

Ans 1740 0 H TT , 2-1 % 

5. Quantity of water not measured. (B,So 1939.) 

The following particulars lefer to a boiler trial in which it not comenient to 

measure the water evaporated 


C 

Dry coal 
analysis 
by weight 

846 

co» 

Dij fluo 
gas analybis 
by volume 

12*5 


Ha 

45 

CO 

10 


S 

10 

Oa 

55 


Oa 

29 

Ns 

810 

•% 

Ash 

71 

lOO'O 


1600 

•« 
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Measured gross calorific value of dry coal 8250 o.h.tt per lb. Moisture in coal as fired 
2 % by weight. Flue gas temperature, 310° C.; boiler room temperature, 20° 0. The mean 
Volumetric heats of COg and of diatomic gases for the given temperature range at 
and 6-93 per lb. per mol. respectively. The calorific value of carbon is 8080 
per lb.; and of CO, 2420 c.h.u. per lb. 

Assuming a radiation loss of 7 %, draw out a heat balance for the boiler, and determine 
its efficiency. 

Ans. Beat balance per lb. of fuel 


Heat supplied above 0® C. 

Heat leaving above 0° C. 

Calorific value of fuel 8250 

Sensible heat m fuel ? 

Sensible heat in air 73 

Sensible heat in feed ? 

8323 

2443 

5880 

In boiler steam generated ? 

In dry product 852 

In excess air 329 

In steam 314 

In mcomplete combustion 364 

In combustible m ash radiation 695 

2443 


Approximate thermal efficiency — 


5880 

8250 


- 71 . 3 %, 


I 


(B.So. Part 1, 1939.) I 

6. In a boiler trial steam at a pressure of 250 lb. per sq. in. and temperature 245® C. is 
generated at a rate of 8*5 lb. per lb. of coal burnt. The calorific value of the coal as fired 
is 8400 o.H.u. per lb., and the temperature of the feed water 50° C. Calculate the equi- 
valent evaporation from and at 100° C. and the thermal efficiency of the boiler. 

Ans, 10-14 lb.; 65-2%. 

Producer gas. 

In some parts of the world, particularly in the vicinity of oil fields, large 
quantities of natural gas are available; in general, however, the gas with which 
most people axe familiar is produced from the distillation of coal. Distillation, 
however, Only releases the volatile part of the fuel, so that the yield of gas is 
small, and therefore the process is of no value to those who require as much gas ' 
as possible from a solid fuel; accordingly, gas producers have been developed to J 
supply thelarge demands of steel works and gas engines, and now producers are ' I 
being developed to supply gaseous fuel for motor vehicles in the place of petrol ; I 


Action of a gas producer. 1 

^ . ’ The action of a gas producer depends upon the depth and temperature of the 1 
; ‘ fuel bed. This bed, may be divided' into four distinct zones (see Fig, 28p) through | 
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reduces the COg to CO, and at the same time it liberates the hydrogen from the 


steam, some of which may combine with C to form 
CH 4 or CgH^. The Hg, CO, CH 4 and Ng from the air 
supply pass upward through the green fuel to which 
they give sensible heat. This heat, together with 
heat radiated from the reduction zone, distils the 
fuel in much the same way as it is distiQed in the 
production of lighting gas. 

In addition to these major reactions several 
minor reactions take place from what may be re- 
garded as impurities in the fuel, e.g. iron pyrites 
(FeSg), (CaSOi), Cl, P, etc. 

Thermal actions. 

It was shown on p. 632 that chemical actions 
are always identified with the production or ab- 
sorption of heat. In the case of the gas producer 
the heat required to split up the constituents, and 
confer a calorific value to the gas produced, is 
derived from the fuel. 



Fig. 289. 



> Fig. 299, 


TJie primary reaction. 

If only pzygen and fuel are suppMed to a gas producer, aii 
.^;v.^e,K!»^onis' r ■ . ' 2(3+^ „2CO+2460X.2x12 ' 

, r I J'!', , ,1’ " » I r ' ^ 

V ‘ 'WH,® 1.' .,1 ' . ' / . ’ ' . ' ' 


~ I 

and uo.OOjs is formed^ 
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ioi catbon in the foim of coke, wheieas for graphitic carbon the value becomes 
53,300 

Alternatively, CO^ may first be formed according to the equation 

Q+Qa^CQ, + px8100 (2) 

97,200 0 HU’ ’’ 


In the piesence of incandescent carbon this COg is reduced according to the 
equation COj + C = 2CO + Beat. .... ( 3 ) 

To obtain the heat evolved consider the decomposition of COg into C and Oj, 
and the subsequent recombination into CO, thus. 


By (2), 
By (1), 


COg *j~ C = 2CO 4- Heat 

002+ 97, W = C + O a 


i.e. 


->2C"f‘02 ~ 200 + 58,800. 
002 + 97,200 + 0 = 200 + 58,800, 

COa+ 0 = 200 ” 38,400 0 H.U, 




In the combustion zone reaction (3) therefore absorbs 38,400 C.H.U., but since 
reaction (2), in producing CQ^, evolved 97,200, the net heat released m the 
producer is 58,800 O.H.U. as given directly by equation (1). 

In practice it is found that a heat release of 68,800 c.h.u. per 24 lb. of carbon 
burnt results in an abnormal temperature rise of the producer. This rise maj 
cause fusing of the ash, and therefore stoppage of the air flow, and in extreme 
cases, fusing of the refractory lining and fire-bars. 

In order to avoid these troubles, to improve the thermal efficiency, and to 
produce a richer gas, the excess heat is used to generate steam which is mixed with 
the air and passed through the fuel bed, where a secondary reaction occuis 
between the carbon and steam. 


Secondary reactions. 

At temperatures between 500® and 600® 0. very little superheated steam is 
decomposed, and only Hg and COg are produced according to the reaction 


O+ 2 H 2 O = G02+2H2+Heat. (4) 

The resulting product is known as naixed water gas. 

Above 1000® C. water gas is produced according to the equation 

O+HgO ^ 00 +^ 2 + Heat, 


The mixture of gases formed by reactions (4) and (6) also interact according 

co+h,O^CO,+.H^ («) 

00 xH 0 

beoaifflc the action is reversible ^ ^ is constant, 

f , OUjXila 

’*>1 fi4.dOD. 
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Poi totnpoialmeshetv^ecii 800 and li 00 "('. a h.unple of puxlum would 
tc\cal that the ratio ha^ a value lyiu£> between 1 2*5, the (piantities being 

by volume 

Because the late of Ihc revcisihie action falls off with a icduUiou m teinpoia- 
tuie the CO foimed ncai the tuyoro is only paitly convatc'd into on it^ 
passage tlnougli the carbon Wcie it not toi this the piodiu ei w ould not opeial(‘ 
Small (luantifcies of CH 4 aie also piesent in piodueei gas .md may bo dciivcd 
fiom the volatile constituents ol tlie fuel, ot thiough the leaction indicated b\^ 

the equation 3C+2HjO - eH, + 2eO+Iloat. ... . (7) 


Heat quantities involved in the secondary reactions. 

In suction gas producers, fuel and water are supplied foi gasification, and 
theiefore the fuel must supply sufiicient heat to decompose the watei. Xow by 
the conservation of energy this heat of decomposition must equal the heat of 
combination when hydrogen is burnt to form water, thus: 

' 2H2 + 02 = 2H20 + 4x34,500 (8) 

! I 

I 

13S,000 C.H.TJ. 

The higher calorific value is used, because we assume that the products are 
condensed, whilst m the reversed opeiation, performed in the pioducoi, water 
is supplied and not steam. 11 steam is supplied, the heat quantity is 1 16,000 o.h ir 

Applying the results of equations (2) and (S) in order to obtain the heat 
absorbed by reaction (4), we have 

By (8), C “h 2H21O ~ C5O2 4’ 2II2 + Heat 

2H20 + 138,000-2H2 + 62 

By (2), C + 02 4“2H2 — f^024’ 97,200+ 2Hg 

t 1 I ! 


Hence an addition of 138,000 C.H.TJ. to the constituents C + 2H2O will produce 
CO2+ 97,200 + 2H2. 

So the net heat involved is 

C+2H2O + 138,000 - COg + 2H2+ 97,200, 

he. C +2H80 a C08+2Hg- 40,800. (9) 

Alternative solution. 


But 

and 


36 2 


0+21,0 « 00|!+2Ha+Heat 
2Hs,0 = 2H, +0,-138, 000, 
C+0, = 008+97,200. 


% 
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Adding these equations together gives 

C - 1 - O 2 + 2 H 2 O = 2 H 2 + O 2 + CO 2 40,800, 

C + 2 H 2 O = CO 2 + 2 H 2 - 40,800. 

Hence this reaction absorbs 40,800 C.H.U. per 361b. of water converted into H 
By equation (5), 

2C + 2 H 2 O - 2CO + 2 H 2 -j-Heat 

By ( 8 ), 2 i 20 + 138,000 = 2 H 2 + 0 ^ 

By (1), 2 C + O 2 + 2 H 2 = 2 CO + 2 H 2 + 58,800. 

2 C + 2 H 2 O 4-138,000 = 2 CO + 2 H 2 4- 58,800, 

i.e. C+H20=C04-Hg-39,600 o.H.tT. (10), 

So that reaction (5) absorbs 39,600 c.H.tr. per 18 lb. of water converted. 

To obtain the heat absorbed by reaction (7) we must first obtain the heat of 
formation of the CH 4 , thus: 

CH 4 may be formed according to the reaction C 4 - 2 H 2 « CH 4 + Heat. We also 
know that the calorific value of CH^ per lb. is 13,300 

CHa4'202 ~ CO 24 ' 2 H 2 O 4- 16 X 13,300 

I ! ! 

I 213,000 

By (2), C4*0a-G0a4-97|200 

By (8), 2 H 24 -O 2 - 2 H 2 O 4 - 138,000 

CH44-20a s: C 4- O 2 -97,2004-212 4“ 02-138,000 4- 213,000, 



OH4«C4-2H3-22,200. jll) 



By (7), 3P + , 2H20.=;CH44-3C0+Heat 

By (8), , ’ ' , ■ 2H',O+138,000 = 2Hj+Oa 


But by (1) ah^ (U)i ' 
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Alternative solution. 

CO 2 + 2 H 2 O - CH^ 4- 202-213,000 
CO 2 + C «2CO - 38,400 

2 C + 2 O 2 = 200. +194,400 

Adding 3 C + 200^ + 20 ^ + 21120 = CH,+ 20^+200 + 2C0*- 57^000, 
i,e. 30 + 2 H 2 O = CH 4 4 2CO - 57,000. 


The weight of water required per pound of carbon when water gas is 
produced. 


If we assume that radiation is suppressed, the producer is at its operating 
temperature, and that the gas produced, in raising the steam, is reduced to N.T.P. 
condition, a thermal balance must exist between the equations 


20 + 02 = 200 + 58,800 (13) 

and C + H20 = 00 +H 2 ““ 39,600. ..,,,,(14) 


To effect this balance equation (14) must be multiplied through by 


i.e. 


58,800 


1*483, 


39,600 

1483[C+H20] = 1-483[00 + H2]~ 68,800, 


.(16) 


On adding (16) to (13), the total 0 is 12(2 + 1*483) and the water supplied is 

1*483x18, 1*483 X 18 

/. Water per lb. of 0 = = 0-639 lb. 

^ 3*483x12 


In average practice, for every 6 lb, of carbon consumed, 4 lb. are burned by air 
and 1 lb. is burned by steam. The steam has to be carried into the producer by 
the air, which can take up moisture in definite quantities according to the tem- 
perature of the air * For the proportions given the air temperature would have to 
be 80® C. The actual steam supply depends on the type of producer and the fuel 
and upon whether or not a steam blower is used to force the ait through the fuel 
bed. 

The weight of water required per pound of carbon when mixed water 
gas is produced. 

, If ammonia is to be recovered from the gas a much' larger proportion of water -» 
' must be ^uppHed^ and the OOg content of the gas will be greats because of the low 
, .‘tempwtime of the producer; The reactions, will be ' , , 



1 * * ' 

= 2001+68,8,00, 

*.,,.416) 

r, f ' *• 

'f* 4 ‘ ^ ^ ' 

25,-40, 8<»,: 

I 1 -^1 , 1 t iT ' * t i" 

(17) " 


' ” ' Seep, 202, ’ > . 

. ‘ ^ ' '' " ' 

'1 . 11 ^ 
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Por thermal equilihrinm between (16) and (17) equation (17) must be multi- 
58 800 

plied by — = 1*44, and on adding this new equation to (16) we have the total 

4:Uj oOU 

C = 12(2 + 1*44) and the total weight of water is 36 x 1*44. 

Water per lb. of C = ^ o ~ 1*256 lb. 

12 X 0*44 

The advantage of using a large quantity of steam is that the gas mains may be 
smaller, an important consideration in steel works, and the clinker is kept soft 
and porous. The disadvantages are high initial cost of the producer plant, the 
difficulty of removing excess steam from the gas, and the high COg and Hg content. 


Ex. Gas producer. (Junior Whitworth 1938.) 

When COg passes over red-hot carbon the dioxide is reduced to CO. How much heat 
is lost per lb. of COg in this reaction? 

The calorific value per lb . at constant pressure of carbon burning to COg is 8100 c.h.ij. 
and burning to CO it is 2416 and CO burning to COg it is 2436 o.h.u. Show that 
the heat lost may later be gained when the CO hums to COg in another part of the 

C+0a = C 02 +8100x12. 

2C+Oa = 2CO +2416x24. 

2CO + Oa = 2COa +2436 x 56. 

Reaction required: 


CO3-f0*2CO+Heat. 
Substituting for COg from (1) in (4), 

C+Oa-8100x 12+C =: 2CO-f-Heat, 
i.e, 2 C -j- Og 8100 x 12 = 2CO + Heat. 

By (2) m (5) 2CO + 2416 x 24- 8100 x 12 = 2CO+Heat. 

Hea,t = 12[2416x2-81003 = 12[-3268]. 
12 

.*. Heatperlb.of C02 *~x 326S w892c.H.m 

Whsa CO bums to CO. reaction (3) is followed: 

' , ■ 2C0 +9s^='2C08+2486 x 66. 

do,+C-Btot 


^ir*" * 


'V' ^^'eOg^H^O.^%rTff^at«'^0C)^4•243ey56, . . ' 

/' '.'I",. . 

CO, +2436 x66,- ' 


( 1 ) 

( 2 ) 

( 3 ) 

W 


.( 6 ) 




, ' w 't '.'A 

in 
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Ex. Gas producer. (B.So. 1933.) 

In a- suction gas producer, determine the weight of steam which must be admitted 
Mith the air per lb. of carbon biirnotl in the producer for maximum thermal efficiency. 
Assume water supplied at 18° C. and evaporatM into steam at 100° 0. and the secondary 


reaction in the producer is HoO -f- C ~ Hg + CO. 

c.v. of C to CO = 2450 c.H.n. per lb. 
c.v, of H = 29,050 c.H.tr. per lb. 

Keaction (1), HaO + C = Ha+CO + Heat. (1) 

2H2 + O2 ^ 2H2O +4x29,050. (2) 

2C+O2 ^200+24x2460. (3) 


Eaversing equation (2), 2H,0+4x29.060 = 2H,+0,. (4) 

Adding (3) and (4), 

2 C + O 2 + 2 H 2 O + 4 X 29,050 = 2 CO + 24 X 2450 + 2 H 2 + O^. 

2 G+ 2 H 2 O =2CO+2H2+24x 2450-4x29,050. 

H20 + C«H2+CO-28,760, (6) 

i.e. beat required per lb. of carbon burnt ' 


28,750 

12 


=« 2395 


Heat to evaporate water 

(100-18)+639»3 == 621-3 o.H.Tr. 


The primary reaction is 2C+O2 — 2CO+24 x 2460 =; 58,800. 

Secondary reaction is given by equation (6) and absorbs 28,750 c.H.xr. per 18 lb. of 
steam, which requires 18 x 621-3 - 11,180 G.H.tr. to generate it from, water. 


Total heat required 39,930 o.H.ir, 

’The primary action releases 68,800 c.H.tr, 

Steam to absorb this heat = x 18 « 26'62, 

o9,9oU 

* 12 

Total carbon consumed - 75 x 26-62+24 =* 41-68. 


Wnterperib ofC = |^ = 0.^1b. 




Ex. Efficiency of a ^as producer, the composition of the gas produced and its ^ 
xalorific Value. 

Eind- the maximum efficiency of a suction gas producer, the composition of the gas 
produced, and its calorific yalue per eu, ft., assuming that, the fuel is carbon and that 
,, only dry air supplied. Given that 1 lb. of occupies 178-8 cu. ft., that the calorific 
Value of. CO k 342-4 cu. ft.> apd that the calorific value of 1 Ib. of carbon k 

'14,540 
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34-7% 

65-3 


Wliai IS the eflect of admitting steam in addition to an (a) on the woikiiig, (6) on the 
cfiiciemy ot the produeei'^ 

With an and caihon the leaction is 

7Q 7Q 

2C+02+^N2 = 200+11^2 

One mol of Hj displaces 2 x 178 8 = 357-6 cu ft at n.t.p. 
c V of CO pel mol = 357 6 x 342 4 b t.f 

One mol of gas is produced fiom 12 lb of carbon, the c v. of which is 14,540 b t tj, 

rr • r.u 7 357 6x342 4 

Hence the efficiency of the producei — '~i 9 ^ i4 ' 54 () “ < 0 2 % 

The composition of the gas by volume is 

CO 2 

N — 

2 21 

Total = 5*76 1000% 

The calorific value of the producer gas per cu ft. 

= 0*347 X 342*4 — 118 8 B T.rr. per cu ft. 

The effect of adding steam is to reduce the nitrogen content of the gas, to improve 
its calorific value, and, apart from radiation losses, and the sensible heat m the gas, 
the efficiency of the producer may theoretically be raised to 100 %. The working of 
the producer is also improved, since steam causes the clinker to become soft and 
porous. 

To obtain the N.T.P. volume of producer gas per pound of fuel, given the 
analysis of the fuel and that of the gas* 

Let the gravimetric analysis of the fuel be 

C+H+O+N+S+HgO+Ash^ 100%. 

Let the volumetric analysis of the producer gas be 

COa + Oa+CO+Ha + CaHi + CH^H-Ng « 100%. 

In one mol of the constituents COg, CO and CH^ there are 12 lb. of G, but in 
C2H4 there are 24 lb., hence the carbon per mol of gas 


12 

= ^(CO,+ O0+CH,+30A). 

Let 0, be the percentage carbon actually burnt per lb. of fuel, i.e. 

« C- Carbon lost in ash - Carbon lost in soot and tar. 
Then mols of gas formed per lb. of fuel 


.{!) 


12(C02+C0 + CH4+2CaH4)* 
The volume of this gas referred to 2 ir.T.p. condition 
Qi,x358 


X2(0Oa+0O4.0H4+20aH4) 


ou, ft. 




(3) 


1=3 
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Ex. If the andlysi*? of a fuel used in a t>as pi odiirci m \s ( ^ - 73 ^ 0^ - o 7, If ^ , 

N'> = I 2j S = 1 %, HjO = 4 %, ash - 10 3 and the analysis (d the jjjis piodueod 
^^isCO^=7 5%, 02-0%, rO-205%, fI.-l2-5%, l\Bj -05 ,„(dJi= 32% 
= volume ol gis piodmed jiei lb of tuei if 5'^ ol fiie ( ubon 

uiuonsumed a95/ 73x35s , 

-=<i4 2cii ft 


Volume — 


12(7o-f 20.5+3 2 12^0 5) 


To obtain the volume of air required per pound of fuel, 

2SKo 

Poi mol of gAS produced, the mass ol N > is - ^ lb 

100 

By equation (2), p. 568, the mols of gas produced per lb of fuel aie 


12(C02 + C0 + CIl4+2C3Hi)* 

One pound of Ng is associated with lb of air. 

A* 1L. rr 1 BSJSfft X Ci, 

Att per lb. of fuel = 77 ^ 12(003+ COVCII,+2CjH,) ‘ 

Smee the equivalent molecular weight of air is appioximatoly 29, thou the 
volume of air, at h .t.p. per lb. of fuel, 


lb. 


28N2 r 


3580. 


29x77Li2(C02+C0 + CH4+2C,H4). 

Applying this result to the previous example, the volume of air 

28x58 


29x77 


X 64*2 — 46*6 cu. ft. 


To obtain the weight of steam decomposed per pound of fuel. 
Per mol of gas produced there are 

By equation (2), p, 568, the mass of Hg per lb. of fuel 

(2Ha+4CaH,-f4CH,)0 
100 X 12(002+ d" CH4+ 20gH4) 


But each lb. of fuel contains 


aoo 


fTT 


lb. of free 


Hg from the decomposed steam 


r (2H2+4CgH4+4CH4)Q 
100 Ll 2 ( COg + CO + CH4 + 2CgH4) 
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Steam per lb. of fuel 

r (2H,+-tCA +4CH,)C^ (vf 
~ ‘'■^•^Ll2{CO, + CO + CH4 + 2C2H4rl ® 8 j_ ' 

Applying this result to the previous example, 

,„r(2xl2-S + ix0-S+4x3-2)x0-95x73 / 6-5n 

<>•^1 12(7-5+- 2 - 0 - S+ W2l^ (® -t)J = ft' 

Types of gas producers. 

There are three main types of gas producers, although there are innumerable 
varieties on the market which differ only in detail. The main types are 

(1) The suction producer, 

(2) The pressure producer. 

(3) The contra-flow type. 

(i) The suction producer.* In this producer, which is illustrated in Kg. 291, 
the suction of the engine creates a flow of steam and air through the fuel bed. 


Feed Water ^ 

PSTARTIN6p|\ s 

HCock^I \ Bell 


Counterpoise 


Scrubber- 



Water Seau. 






i Generator- 


Preheating- 

Chamber 


Air and 
Steam Control 


w 


^I 6 HT 

Jy/^OLE 


Fig, 29i. 

The producer coujaists of a cylindrical shellt of mild steel or cast iron that is 
lined throughout with fire-biiok. An annular space is frequently left between the 

p * Due to Benmer developed in France 1894, 
i* A ogdinddoal shape is beat beoane© it ia stronger* is free to expand* and there ace ao 
tn which M or clinker can lodge. 
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Ihc-biick and the casing for tlio passage of btcajii and air ninth is tlioieby pic- 
hc<ilccl, and the loss from r*idiatic)ii is reduced in consecgienee- 

On the top of the gcneiator is a hopper having a double closure device; so 
that ficsh fuel may be sup]>liod ■without intorfeiing ndth the operation of the 
pioducer. A conical bell makes a gas-tigiit seal between the hop})er and the 
generator, and in addition this boll distiibutes the luel evenly and ina;y bo used 
for ramming it into the generator. 

To avoid an unnecessary increase in suction resistance on ilie engine the hopper 
is made to project int o the generator, and is often suirounde<l by an annular ring 
\\hich forma the steam boiler. 

At the base of the generator are: a valve for controlling the supply of steam and 
air, a fire-grate, a hand hole for the removal of ash and a -water-cooled ash pan. 

A blower is provided for starting the gas producer, and, dming the starting 
period, the products of combustion are blo-wn to waste tlirough the starting cock. 

As a protection for the engine, the producer gas is passed through a semhber 
which removes tar, dust, and ammonia. 

In its simplest form the scrubber consists of a tall cylinder filled with coke 
through which percolates a stream of 'water. Where apace considerations are 
important rotary scrubbers are employed. 

In this type of scrubber the gas is passed through a fan into which is injected 
a fine spray of water. 

(2) The pressure producer. The type of gas producer most generally used 
in steel works for firing reverberatory furnaces is the improved Siemens type, a 
sketch of which is shown in Fig. 292. 



The generator and hopper are similar to those employed on the suction gas 

producers, but as a rule they are considerably larger and the fire-grate is dispensed 

% 
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with to allow the removal of ash from the water bosh, or ash pan, without inter- j 
rupting the operation of the plant. 

Since the air is forced into the producer by the steam jet, which is under con- 
siderable pressure, the annular boiler and blower of the suction producer are 
absent. On the top of the producer four or six poking holes are provided to give i 

access to the whole hearth, and particularly the sides of the producer where ' 

clinlcer is hable to adhere. ; 

Sight holes communicate with the combustion zone so that the man on watch 
may keep this zone under observation. Cleaning doors are also provided at about 
this level for the removal of large masses of clinker, and for starting the producer. 

No scuhber is provided, since, to produce a high furnace temperature it is 
essential that the gases enter the furnace at a high temperature, and because of 
the necessity of a luminous flame to produce a maximum radiation, the distil- 
lates are carried in suspension by the gas. 


(3 ) Producer for volatile fuels . Soft woods and lignite yield great quantities 
of distillates which would he lost in the scrubber if the gas were employed for a 
gas engine. To avoid .this, it is customary to blow the distillates down to the com- 
bustion zone, where the tar is burnt to increase the release of H 2 from the steam 
which, followingnormal practice, is forcedupward through the partially burnt fuel. 

Since the gas outlet from the producer is immediately above the combustion 
zone the gases leave at a considerable temperature, and, with the object of con- 
serving the heat in the gas, a water tube boiler is placed on the gas outlet. 


(4) The Crossley gus producer for bituminous fuel . The name bituminous 
refers to fuels which burn with a yellow flame resembling that of bitumen, It 
is to the large proportion of volat* in this fuel that the colour is due, and 
although this flame is an asset in boi work, yet volatiles cause trouble in some 
. producers through the deposition of tarry matter on the cool surfaces with which 
they come into contact. 

Messrs Grossleys obviate this diffloulty by placing the steam boiler near the 
combustion zone and pro’dding a water spray in the vertical pipe (1), whereby 
heavy, deposits bf tar and dust are washed into a sump . 

‘ ,!rh0 gas then passes up through U. layer of wooden laths through which descends 

> ,a,show0r of water from the coke above, , ' 

t ^ ^ ^ 1 't ^ 

Tar vapour* is, remarhahly diffloult to remove completely from a gas, and 
’ , p(os#l3iIy the only. method is by means of the Lodge^Oottrel process, ^ 
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Fuel. 

Gas producers can be designed to convert any kind of carbonaceous material 
into gas, but if high quality gas and economical production are required, a good 
quality fuel must be burnt. 

For gas engines, because of its high carbon content, absence of caldng, and small 
percentage of ash, and moisture content, anthracite is preferable to ail other 
fuels. 

For open-hearth steel furnaces a iiigh-grade bituminous coal yields a highly 
luminous gas that intensifies radiation from the roof of the furnace. 

The general requirements of a good fuel are: uniformity of size, freedom from 
caking, ash less than 6 % and having a high melting point, sulphur less than 1 %, 
fixed carbon about 50 %, and volatiles about 30 %. 


Working the producer. 


The main factors to be observed in operating a producer are temperature, the 
supply and distribution of the fuel, and the breaking up and removal of the 
clinker and ash. 

An estimation of the temperature may be obtaiaed by inserting a poker through 
the top of the producer, allowing it to become thoroughly heated, and then 
observing the colouring on it when it is rapidly withdrawn. White lights in the 
' producer indicate too high a temperature. This may be corrected! by increasing 
the steam supply. Saturated air at 50° C produces the richest gas. The foima- 
tion of clinker is the worst feature in working a producer, but it may be reduced 
by supplying steam in correct amount, and properly distributed. 

As in the case of boilers dry fuel should be supplied regularly in small amounts, 
and the surface of the fuel should be kept level so that the resistance of the fuel 
bed to air flow is uniform throughout; otherwise the fire will be blown into holes. 
If this happens the ash may melt and choke the adjacent air passages, and 
' thereby aggravate the trouble ; also the COg content of the gas will be increased, 
and the temperature of the gas may rise to such an extent that the hydrocarbons 
‘ ' decompose and cause a deposit of soot in the gas pipes. 

, The best results are obtained from a producer when the 00^ content is about 
4 % and the temperatures approach those indicated in Fig. 289, 


Proportions of a gas producer, 

; ■ The chief factor controlling the qutput of a gas producer is the grate area, on 
V ' ^ one square foot of which 20 lb of high grade fuel may be burnt per hour, 

v The combined depth of the combustion and reduction zone depends on the^ 
-size of the fupl used, ;and varies, feqm 3^0 iri„ fpr 1 in.. anthracite, to 60 in, for run 
mme-4jln;bifc ^ 

distkl^tihg\bbS should lie , pert of a eone having a base one-sixth the 

'^^'diameterof fcgas pipp-^duld havean atea that of the 

ia, bore.:As a protection for the grate^ 
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and to provide sufficient depth for superheating the steam, the ash zone shoulrl 
be from 2 to 3 ft. thick. 

In the case of pressure producers the type with the central tuyere gives tke 
best results and it should be provided with a steam nozzle that will pass | lb. of 
steam per lb. of fuel burnt and carry with it 3 to 4 lb. of air. 


Direct gasification of coal, 

A one inch cube of coal has a surface area of 6 sq. in., and weighs | oz. When 
pulverised so as to pass through a 200 mesh sieve it may be regarded as spht into 
64,000,000 cubes with a total surface area of 2400 sq. in., and each particle of 
fuel weighs 0-000000012 oz. In this state the fuel will flow hke a fluid and costs 
but 0*59 pence per gallon. 
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The generator is maintained at a high temperature by gas which is burnt, ])y 
surface combustion, within the porous bricks; the high temperature products and 
excess air x>ass downward through the refractory tube, whore tlie pulverised fuel 
is gasified. 

A tube 3 in. bore and 15 in. long is sufficient to supply a hundred h.p. engine, 
but the refractory tubes are liable to crack, and an exact balance between the 
fuel and air supply is difficult to achieve. 


EXAMPLES ON GAS PRODUCERS 

1 . What type of casing would you use in a producer to burn, coke, and supply a 50 H.r. 
engine^ Would you make any modification to the fire door for this fuel? 

2. For what type of fuel is the pressure producer especially suited, and why is it not 
generally employed for power production? 

3. What is the object of a scrubber in a gas plant, and what type should be employed 
where water is scarce and the gas output large? Give reasons. 

4. What is the object of supplying steam to a gas producer? Give the reactions that 
occur, and state on what the predominance of one or the other reaction depends. 

5. Enumerate the types of steam boilers used in suction producers. Which do you 
consider the best, and how is the rate of evaporation varied? 

6. How is a suction gas plant rated, and what factors determine the dimensions of the 
generator for a given h,p. ? 

7. What is the guiding principle in operating a gas producer? How does this principle 
account for a gas producer’s upper and lower limit of output? 

8. In the operation of a gas producer, what is the purpose of the steam, and how is it 
introduced in the common t 3 ^es of suction gas producers? 

(m.E. 1936.) 

9. Describe, with sketches, the construction, and explain the principles underlying 
the construction, of any gas producer with which you are familiar. Staf^ approximately 
the calorific value of the gas produced. 

(B.Sc. 1936.) 

10 . The fuel used in a gas producer had the following composition by weight when dry : 
0, 76%; Og, 5-9%', H, 5*4%; ash, 12*7%, and the volumetric analysis of the dry 
producer gas gave OOg, 74 %; Og,. 0-3 %; CO, 20f %; Hg, 124 %; CH^, 34 %; Hg (by , 
difference), 56-2 %. Assume that the cinders contained no unbumed carbon. Find 

' ^ producer gas per lb, of dry fuel. 

. : : ■ , (S) The cubic feet of air supplied per lb. of dry fuel 

• Bpth values to be reduce, d to 0. and 14*7 ]h ]^er sq, in. ' * 

■ ■' .AH'(«)77eu;ft4(b)64*85cu.lfe, 
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(B.Sc,) „■ 

11. Calculate the weight of air and steam which should be supplied per lb, of carbon 

ill a suction gas plant, assuming that no CO 2 is formed, and find the theoretical volumetrfo 
analysis of the gas produced. One pound of Hg burnt to HgO gives 34,000 and one 

pound of C to CO gives 2420 c.h.u. ; 

Ans. 3-3 lb., 0*64, CO, 39-0%; Hg, 16*9%; Hg, m%, 

t 

(B.Sc. 1940.) ’ 

12. In a gas engine producer plant the volumetric analysis of the producer gas and 
of the exhaust gas were as follows: 

CO Hg CH 4 C 2 E 4 COg Og Ng 

Producer gas % 20-5 12*5 3-0 0-5 7*5 0*2 55-8 

Exhaust gas % — — — — 10*7 8*3 81*0 

Find (a) the chemically correct volumetric air fuel ratio for the producer gas; 

(b) the percentage excess air supplied to the gas engine. i 

What do you understand by the term “cold efficiency of a gas producer”? j 

Ans. M32 to 1; 107*3%. 1 


Cold efficiency = 


Calorific value of the gas produced per lb. of 

fuel if the gas is at y.T.p. 

Calorific value of the fuel 


By considering the gas cold, the sensible heat which it possesses on leaving the 
producer is excluded, otherwise the efficiency would be almost 100 %. 
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CHAPTER XVI [ 


INTEKNAL OOMBUSTION ENGINES 


(1) THE GAS ENGINE 


Historical. 


The idea of an explosive engine was first advanced in lOSO by HuygenSj who 
experimented with a gunpowder engine. TJio gunpowder was used to expel air 
from a cylinder, so as to derive mechanical energy from the partial vacuum 
created when the products of combustion contracted on cooling. 

In 1794 Street patented an engine which ran on a mixture of turpentine and 
air. The engine resembled beam engines of that time, and after evaporation of 
the turpentine a flame was applied to a touch hole so as to ignite the explosive 
mixture and drive the piston upwards. 

The discovery of coal gas and hydrogen caused iiiv'^entors to recognise the 
possibility of using a mixture of gas and air for the development of mechanical 
power, and between 1794 and 1838 Lebon, Cecil, Brown, Wright and Barnett 
were each responsible for engines with certain oharactenstics. 

To Barnett is due the discovery of the flame Igniter, whereby the touch hole 
was controlled by a valve so as to permit compression of the explosive mixture. 

During the next twenty years many engines were patented, but it was not 
until 1860 that a really practicable engine was developed by Lenoir. By this 
time the steam engine had been firmly established, so that it was natural that 
the Lenoir engine should closely resemble a steam engine of that time. 

A model of the Lenoir engine is on view in the Science Museum, South Ken- 
sington. The watercooled cylinder is 5| in. bore by 8 J- in. stroke, and it is double 
acting with an external crosshead. Gas and air were admitted to each end of the 
.cylinder by eccentric operated slide valves, which made the engine remarkably 
/ silent, a feature which did much to make it popular. In operation gas and air 
' were admitted to half stroke when the valve closed, and the charge was ignited 

by an electric spark provided by a coil. The pressure rose rapidly to about 
50 lb. per sq. in., after which expansion continued to the end of the stroke, 
when the burnt gases were released. The engine consumed 05 cu, ft. of gas per 
I.H.P, hour, and on tMs basis its thermal efficiency was '6 %, Large quantities 
of cylinder lubricant were used by the engine. ,■ ’ , 

, The Hugon,engme was s^ilar 'to the Lenoir, but of better mechanical con- 
, struotion,' an4 ignition was^ efecte^ by a, gas flame. 

. ; Jir ;186?? Otto,an4 Langlen dxhibft^d their faipous free piston engine, at the 
. ' exMbiiiom , The engine open at the top, 

'1 ^4 46nt;ii^^^ by me^ of aobahii rachet^ 

vaomwn, cbmteed'witb 

it' ' ' ' ' ' ' '37 "" 




578 Internal Combustion Engines 

the weight of the piston, did mechanical work on the downstroke of the piston. i 
A gas consumption of half that of the Lenoir engine was realised, but, as will be I 
appreciated, the engine was very noisy and was later replaced by the silent 
type of Otto engine, which, with its trunk piston, resembled a single-acting 1 
steam engine. This was the first practical application of the four-stroke cycle, | 
and is in general use, even at the present time. , 


The Otto four -stroke gas engine. 

This engine operates on the ideal air cycle described on p. 73, although heat 
is supplied by chemical action within the cylinder instead of from an external 
source. The praotioal realisation of this cycle is shown in Fig. 295. 

On the charging stroke, with both air and gas valves open, the outward motion 
of the piston induces a charge of air and gas into the cylinder. Just prior to the 
return of the piston all the valves are closed, and the charge is compressed, 

At the end of the stroke the compressed charge is ignited, so that a rapid rise in ' 
pressure results, and the pistonis drivenforward to theend of the expansion stroke, | 
when the exhaust valve opens. On the return stroke the products of combustion 
are expelled, and afterwards the cycle is repeated. Up to about 100 horse-power 
per cylinder the four-stroke cycle is the favourite with gas-engine designers.* 
For higher powers, especially where a supply of waste gas, of low calorific value, 
is available, the double-acting two-stroke engine had been developed, and it , 
resembles very closely the uniflow steam engine (see p. 239). 

With gas of high calorific value a serious difficulty arises from the cooling of- 
the piston and its rod, and maintaining gas tightness of the stuffing box. In these 
oiroumstances, therefore, the multicylinder four-stroke has been preferred to the 
double-acting two-stroke, in spite of the extreme mechanical simplicity of the 
two-stroke. . ' 

Kbiting Brothers of Hanover have made a large number of successful double* : , 
acting two-istroke engines for using blast-furnace gas, and with the development 
, of the double-acting two-stroke Diesel engipe, for marine prqpullion, it appears 
that symmetripal design of castings, suitable materials, and oil cooling of the, ' 

' piston and rod have.been responsible for removing the inajor difficulties common ’ 
fodbuble-actffigint,eima;rcombustionenginbs.’.^ ^ ^ 
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Two -stroke. Simple mechanical design. 

Improved turning moment and lighter flywheel 
No valves to give trouble. 

Easily reversed. 



Charging Stroke 

i » ""— * - / .'^•rs N 

i 

Compressing Stroke ^ - ! 

i_ /H'\ 

■ i ' / / 

H'"' 

i 

Working Stroke 

I r s 






Exhausting Stroke 



^ 4 aniOTOt fdoi escapes throt^h the exhamt port prior to compression, 
jUthbugh there,' are tmce ae'.ipaiiiy working strokes compared with the fonr- 
\s|rokej.'^ek bfa.^Bginaof e^nal capaiaty Is little more* 


37-a 
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Oil heavy loads the engine overheats, and on light loads running is erratic, 
due to contamination of the weak charge with residual exhaust products. 

The exhaust is noisy, and the engine is more temperamental than a four-stroke. 


Ignition. 

It has already been stated that the first engines had electric ignition; later* a 
flame was passed over a ‘"touch hole” in the cylinder wall, and the charge was 
ignited in the same way as the powder in a cannon. 

Next we have hot tube ignition, which was important, since it laid the founda- 
tion for semi -Diesel engines. 


Products of 
Combustion 
FROM Burner 

Porcelain 
I cNmoN Tube 

Adjustable 
Burner Tube 

Products of 

Combustion from 
Previous Explosion 



Cas Supply 


|F.%txPLOSIVE 
'' ‘Mixture 


Fig. 296. 


In the tube method of ignition a porcelain tube is heated to redness, at about 
the middle of its length, by a bunsen burner, the flame of which is shielded by a 
tube. Normally the porcelain tube is full of burnt gas, but on compression the- 
explosive mixture forces this gas towards the closed end of the tube. Immediately 
thd explosive mixture makes contact with the red-hot portion of the tube it is 
ignibed, and a flame shoots into the cylinder, thereby igniting the remainder of 
'thecharge; ' ' ' - * ■ ’ ^ 


' The penod at wHoh ^tion occurs is adjusted by moving the burner along- 
/thetiiW. » ' ' ^ ^ ^ 

for 'constant load the method h^ proved very reJiable, but it is dif&ctdtto' ‘ 
adjust precisely the toe of firing the charge,' and ,the tubes fw^uently fi’actufo , 

;ph,^t%i^%'theehgm©;-. -'V ' \ ^ 's'-;,,'/ 
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small alternator, but instead of the armature boinj:; revolved continuously it is 
tiiclvcd by a sjning release gear at the instant a spai'k is required. The current 
generated is conveyed to a small switch inside the engine cylinder (see Fig. 207), 
which is opened by the same mechanism that releases tl le spring-loaded armatiu'e 
of the magneto. 

Although a considerable voltage is required to bridge an air gap. particularly 
when the air is under pressure, yet once a timv of current is established tho voltage 
may be considerably reduced In this meclianisin the iloiv of current is establisheil 
by ]veG])ing the switch closed during tho initiation ol’ tlie current. Once the 
flow is started the opening of the switch causes a spark so that a clicap easily 
insulated system of igriitiou results. 


Masneto 


\~Insulate.d Pin 


mm 


Trip Gear 


“i- C ontact 
Point 

Conical 

Joint 


Fig, 297. 

The magneto trip gear of course imposes a definite limit on the speed of the 
engine^ and wlien starting a cold engine condensation sometimes occurs on the 
switch, and causes a short circuit. This can be avoided by the simple expedient 
of heating the switch, prior to starting the engine. It should be observed that, 
since the magneto generates an alternating current, it should be so timed that 
the highest s.M.f . occurs when the contact points of the ignition switch are 
separating, This position is indicated by a mark on the end of the armature shaft. 
Further, since the u.m.f, is small,, good electrical, connections are imperative, and 
particular attention shouid be paid to the earth return tlnough the base of the 


^ , : >;'Bmoe;phi#io W#tb&oybk teals bntonepowa 

’j; is neoessary-oa ris^le-oylinddr en^nes ;to h^alataia'the'SpOod,' 


f 1 j 
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When the load vai ie& the gas supply to the engine must be vaned in order that 
the po-wei developed by the engine may keep m step m itli the load This is knoi\n 
as governing the engine 

There are two mam methods of governing a gas engine The Quality method 
m which the ratio ot air to gas is varied, and the Quantity method in which 
1 he 1 atio IS mamtamed constant per w oikmg stroke b ut the quantity supphed, per 
unit time, depends upon the power required 

The bimphcity ol the governor loquiied by the latter method commends it 
lor use on small engines where a hit-and-miss governor is employed 



A simple form of this governor is shown m Fig. 298, where the end of the valve 
rocker, mstead of actuating the gas valve directly, does it through the medium 
of a Spring-loaded inertia weight which is pivoted to the end of the rocker On 
an mcrease in speed the mertia weight lags behind the rocker against the 
resistance of spring A, and thereby disengages the pecker from the valve spmdle 
On this account the gas valve remains closed, and in consequence a working 
cycle is missed 

With large engines, to miss a complete cycle would be rather drastic, and 
^ would cause considerable fluctuations m speed. On this account the pecker 
block is arranged to alter the lift of the oombmed gas and air valve by varymg the 
leverage of the actuating Imks. 

For an abnormal increase in speed, the fuel supply is out off entirely, by the 
pecker moving off the fficse of the operating lever; see Fig. 299. 

•' In the Oroed-ey gas engine governing is effected, as in the previous case* by 
■wyitig theBffc the oombmed gas and air valve, this variation being produM 
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f)r ilt< iiiiju.tliepo'^itiouol the laid urn on the \ iKeiotkei bymoamof in enclosed 
(tiitiitus^al go’veinoi (sc( Fig 300) 

1 ho gctii icbults in gi kIu it< d iin]mlscs bemt, gu on to the engine so th il speed 
< null ol IS itbin \ uy nan cm luuit" 




Fig aoo 


fig. 301 compares the indioator diAgraras obtained fifom an engme fitted witb 
a gOTemor, as shown in fig 298. with those obtained irom a Crossley governed 
An^TiB. In both cases the mixture strength remains the same, bnt the quantfly 
IS varied. 


5S4. Inlet ml Comhustion Engines 

hince it IS iiiipoiiaiit m two stioke engines that the cylinrlei i& completeh 
sui\ engc (i at the end of tin e\])ansion stiokc, qiidlity governing is usually apphei 
in ihib cd&e, biiiee little icstiiction is pLced on the quantity of an used, and the 
highei cumpiossion vincii accompanies a completely tilled cylindei, facilitates 
combustion Against this of com sc must be placed the difficulty of igniting and 
bminng \ weak ml^tnle, so that on light loads low Iheimal efficiency and 
jnstihilit> lesult 



Hit and Miss GovtRNiNG 




Half Load 


JGHT Load 


Quality Governing 
F ig 301. 

Crossley gas engine. 

Messrs Crossley Brotliois, Ltd. of Manchester pioneered the internal com 
hubtion engine in this country and Fig. 302, which was kindly supphed by this 
company, illustrates one of their medium power single-cylinder engines 

The combined gas and air yalve is of the double-beat type, and receives gas 
at the top, so that mixing with air is complete only just piior to the charge enteiing 
the cylinder. The exhaust valve is azranged at the bottom of the cyhnder, so 
that solid unbumt material may be swept into the exhaust jiipe on the exhaust 
stroke, and in placing this hot pipe beneath the engine the danger of an engine 
attendant being burnt is lessened 

The cross-section of the cylinder shows the ignition gear conveniently placed 
for its drive from the lay shaft, on the end of which is placed the cam that 
distnbutes compressed air to the cyhnder for starting the engine, When the 
starting an* is turned on, the staifcmg plunger is blown out against the 
" resistance of a spring, and engages the cam; so that if the engine has been barred 
round into the correct position to start, it will run as an air motor until 
ijudO&cient speed has been attained to turn on the fuel, and allow it to run as 
Si norjnaJi engine, when the starting air is cut oE 

^ <]to engines the starting air bottles are charged by bieedmg off 

of the explosive products in the cylinder through a sore?- 



hnniHil (^omhu^fhn Minjitub 
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Longitudinal section of Crossley gas tngino. 
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controlled form of relief valve, shown in the end of the cylinder. Large engines 
require far more starting air, and to charge the bottles by the previous simple 
device would render the screw-down valve liable to being burnt out. For this 
reason, therefore, a separate air compressor is employed. 

Convertible gas engines. 

On oil fields there is frequently a supply of natural gas which is excellent fuel 
for the engines used for driving the equipment employed on oil boring, etc. As 
however, the supply of gas is limited, it is very desirable that the engines should 
be capable of running on either gas or liquid fuel. The same observations apply 
to engines used in mining which operate on wood drawn from the vicinity of the 
mine. As the distance from which the wood has to be brought increases, a time is 
reached when it is cheaper to run on liquid fuel than on wood. 

To this end the Premier Gas Engine Company has designed engines which 
can be converted, very simply, to run on oil, and a large number of these engines 
are now in use for generating electricity or compressing air. 

The change in compression ratio necessary for running on oil is made by 
removing a water-cooled packing piece from between the cylinder and the cylinder 
cover, rather than by packing the connecting rod, so that the piston always runs 
over the same part' of the liner. When running on gas the packing piece is fitted 
and the fuel pump and atomiser replaced by a magneto and sparking plug. The 
governor links are also connected to a butterfly type of gas valve. 

Modern normal compression gas engines. 

When severa.1 hundred horse-power haye to be developed at fairly high speed- 
the vertical monobloo type of engine with totally enclosed working parts is in 
general use. In mechanical design it is identical with the oil engine of idle sam,e 
power and speed, except that the cylinder cover and piston are flat. The high 
rating of the engine involves oU-oooling of pistons wlien their diameter exeee* 
16 in,, also water cooling the bearings, and possibly using sodium-cooled exhaust 
valves. ' , * I ' 

A superijharged, engine of this type, using gas* of high calorific value, will 
develop as much poFor af. an oil engine without the same amount of noise or 
^.ah^Minore^reliabla' , . ; ■' 

iligh-cotpLpressiangds engines i 
®he< dwindling oil tesouroee of the world* ind the 'exigencies of war h^ve beet 
resppMible for ^he'dW^Iopmeht of Mgh-speed-high-compression gas engines. 

/ ;i;„ short :tme ftgo it; W# dis^^ered that a cpmpresmon ratio of about ^0 to 1 

of 
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On the Erreii cycle a full charge of air is asj)irated, ami after the inlet valve is 
closed, gas, at a pressure varying between 40 to 240 lb. per sq. in., is admitted by 
a rotary valve to a nozzle fitted in the cylinder wall. Tlie nozzle directs the gas 
jet to the point at which combustion is to be initiated, thus ensuring a readily 
ignitable inixtiu-e, even on light loads. 

Gas under pressure sets the engine at a disa,d vantage, except in oases where the 
gas is stored in high-pressure containers, as on road vehicles. As a compensation, 
how'ever, the engine will develop almost the same povv'^er as wdien running on 
petrol, whereas with naturally aspirated gas a loss of more than 30 % appears 
inevitable. 

The ignition oil is barely sufficient to “tick the engine over” on no load, and 
yet with this ignition the engine will develop a b.m.e.p. of 120 lb. per sep in. 
Should the supply of gas fail, the engine may be run entirely on oil, and in this 
respect the bi-fuel engine has a tremendous advantage* 

Future of the gas engine. 

The oil fuel resources of the world are rapidly becoming exhausted, and are 
not replaceable. They should therefore he conserved for lubrication and fuel for 
transport vehicles. 

On the other hand gas may be produced from any hydrocarbon, many of 
which are available in vegetation, and also in waste materials, such as sewage, 
nut-shells, bark, dead leaves, etc. As these fuels are annually replaceable, and 
the thermal efficiency of gas engines is high, it would appear very desirable to 
employ gas engines for the development of medium powers, to cut out the 
stationary oil engine, and leave large powers to steam turbines. 

Volumetric efficiency of a gas engine. 

It is shown on p. 618 that the volumetric efficiency of a petrol engine is 
justifiably defined as 

Aspirated volume of air, per stroke, reduced to k.t.p. 

, Swept volume 

To allow for variations in barometric' pressure it is only fair that, on this basis, 
the engine should be tested at 30 in. barometer. 

With gas and oil engines, no artificial depression of inlet temperature occurs, 
so that it would appear more reasonable, with these engines, to adopt the 
volumetric efficiency defined by the British Compressed Air Society for air 
compressors, VIZ* • » ■ , r 

Air a spirated per stroke, reduced to intake conditions 
T! - . ' ' , Swept volume 7 ' ' “ , ' 

in’ thejcase of engines aspirated per .stroke*^ sl^ould be replaced by 
‘ aispir^ted 'per>koke*^ asid the of the^effirienoy^should be uk 
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Ex. Volumetric efficiency (heat value of the mixture). 

A gas engine having a cylinder 10 in. diameter and stroke 18 in has a volumetric 
efficiency of 81 % . Eatio of air to gas equals 8 to 1. Calorific value of gas equals 275 
per oil. ft atN.T.p. 

Find the heat supplied to the engine per working cycle. If the compression ratio is 
4-9, what IS tlio heat value of the mixture per working stroke per cu. ft. of total cylinder 
volume? 

In the absence of other information we must regard the volumetric efficiency as the 

N.T.P. value n Cl « s/ 102 N.. a 

Charge volume = — — ipr-, — ^ — = 0*663 cu. ft. 

° 4 X 144 X 2 

If V is the volume of gas used per stroke, then the volume of air = 8?;, and 9y = 0*663, 
whence q.6G3 


9 


= 0*0736 cu. ft. 


Heat supplied per stroke = 0*0736 x 275 = 20*25 c.H.tr. 

Swept volume + Clearance volume 


Compression ratio = 4*9 
.*. Clearance volume 
Total cylinder volume 


Clearance volume 

• Swept volume 
3^9 ‘ 

n X 100 3 


4x 144 


^fi , n 


1*026 cu. ft. 


20*25 


Heat supplied per on. ft. of total cylinder volume ss; ® o.h.u 


Ex. Lenoir gas engine cycle. (I.M.E. April 1937,) 

The ideal cycle in an early type of the Lenoir gas engine consisted of the Mowing 
stages; 

(1) The “ comhustion” volume was filled'with the explosive mixture at atmospheno 
pressure. 

(2) The charge was ignited, combustion taking place at constant volume. 

' (3), The gases expanded adiabatically down to atmospheric pressure. 

' (4) Exhaust took place at atmospheric pressure. ' ' 

' Sketch the pressure volume diagram for this' cycle. 
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In a particular case the expansion ratio aa 3*5 : 1 and the mixture wlum ignited wm 
1 r> !b per sq, in. and 57 C. Tabidaie the Tallies of pressures and absolute tenijieratures 
and Toliimes of 1 lb of the explosive mixtures at the end of stages (1), (2) and (3). 
Specific heat at constant pressure — 0*238; specific heat at constant volume =» 0*17. 

, t;. . „ 

The expansion ratio — = 3*o. 

pg = 15 X 3*5^ — 86*74 lb. per sc{. in. 


Stage i 

V'olumos 1 

Pressure i 

i q’emperature 

cu. ft. 1 

lb. per bf{. m. 1 

t “C. 

i to 2 j 

14*6(5 

15 

{ 330 

2 to 3 

14*66 

86 74 

1900 

3 to 4 I 

61*3 

15 

1150 


Ex. Relative efficiency. Air gas ratio. Calorific value of charge. (B,Sc. 1925.) 

The swept volume of a gas engine is 0*334 cu. ft. and the clearance volume is 0 082 
cu. ft. The engine consumes 150 cu. ft. of gas per hr. when running at 165 r.p.m. firing 
every cycle, and it develops a B h.p. of 5*62 and has a mechanical efficiency of 73*4 %, 
What is the relative efficiency of this engine compared with the standard cycle if the 
calorific value of the gas is 270c.H.u. per cu. ftJ 
Assuming a volumetric efficiency of 0*87, find the ratio of air to gas used by the 
engine and calorific value of 1 cu. ft. of the’mixture in the cylinder. 


Swept volume - 0’334 
Clearance vol 
Total volume 


416 

Clearance volume = 0*082 Compression ratio =s 5*075. 


0*416 


Air standard efficiency - 

, . 6*62x33,000 

WorK done per mm. = — 

Indicated work per min. » 


1400 

132*3 

0*734 


150 

Heat supplied per min. - x 270 


Thermal efficiency i.h.p. basis 
Relative efficiency == x 100 


180*5 

675 


xlOO 


«47*8%. 

= 132*3 C.H.I7, 
= 180*6 
«675. 

= 26-75% 

= 65*9% 


' I ' ' 

Volume of mixture taken in per stroke = 0*334 x 0*87 = 0*2905 ' 
. Volume of psthken in per stroke =0*0303 

' Volume olfdr, taken in per stroke ’ , ’ ' =0*2602 

'' > C ■' . 2602 , 

''Air ratio 8*6* to 1; 
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Ex. Variation of mixture strength. (B Sc. 1926.) 

Tests made on a four-stroke gas engine with a view to discovering the effect of mixture 
strength gave the following balance: 


Test 

A 

Weak mixture 

B 

Strong mixture 

Indicated work 

37 

33 

Heat in exhaust gas 

42 

39 

Heat lost during cycle 

21 

28 


100 

100 


In the test A the supply of coal gas was 8*55 standard cu. ft. per min. and in test B 
10'98. The calorific value of the gas used was 334 o.H.u, per standard cu. ft. Calculate 
the i,H.p. developed and the heat loss to cylinder walls and piston per min. m the two 
cases. 

It will be noticed that the thermal efficiency of the engine when working on the weak 
mixture is greater than when the engine is working on the strong. Give the reason for this. 


Test 

A 

B 

' Heat supplied per mm. 
Work done per min. 

Heat lost per min. 

8-55 X 334:= 2855 
0*87 X 2855 =; 1066 

0-21 X 2866= 600 

10>08x 334 = 3666 
0-33x3666 = 1210 
0-28x3666 = 1027 


Reasons for higher thermal efficiency on weak mixtures. 

( 1 ) With a weak mixture the temperature rise, for a given heat input, is greater 
than with a rich mixture, since there is little or no dissociation, and the specific 
heat is less at the lower temperature. 

(2) The smaller maximum temperature reduces the heat flow to the cylinder 

walls. * 

. ^ .. The more nearly the maximum temperature approaches the temperature at 

the end qf compression the' more closely will the Otto efficiency approach the 
i . Carnot. . , ^ ^ ^ ^ 

' lleat balance for ^n internal combustion engine* 


\ Srom the conservation of energy the total energy supplied -to an engine must 1 
- ,, 'i be equal to the tCtal energy leaving the engine; If therefore an engine is placed ' 
, ‘ 1 ' in an enclosure* the energies entering the enclosure, relative to in order of ^ 
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In order of importance the energies leaving the engine are usually: 

(J ) Sensible heat in exhaust, together with the calorilic value of the unburnt 
fuel, and the heat in the steam formed. 

(2) Sensible heat in jacket water. 

(3) Sensible heat equivalent to b.h.p. 

(4) Sensible heat in ventilating air. 

(5) Sensible heat in lubricating oil. 

(h) Kinetic energy in the exhaust, cooling water, air and oil streams. 

Now most engines are placed in enclosures, the engine room, and, if chemical 
precision were required, there is no reason why the items enumerated' could not 
be measured; in fact in large plants they are, but, for the majority of engine tests, 
many of the terms are of second or third order of importance, and, as an approxi- 
mation, they are not measured but are massed up in the Unaccounted for. 

An approximate heat balance is therefore given by 


Entering 

Leaving 

Heat m fuel 

Sensible heat in jacket water 
Sensible heat in fuel and air 

Heat m exhaust 

Heat in jacket water 

Heat equivalent of b.h.t*. 

Radiation, lubricating oil, unburnt fuel, 
kinetic energy and errors 

Unaccounted for 



A further simplification, which facilitates recording results, is to regard the 
specific heat of the fuel and air the same as that of the exhaust gas; so that the 
sensible heat terms may be transposed to the right-hand side of the heat glance. 
The heat to exhaust will then be measured relative to the temperature at which 
the fuel and air were supplied, and the heat loss to the cooling water relative to 
the temperature at which the cooling water entered the engine. With this modi- 
peatio4 .the heat balance, per unit quantity of fuel, or per unit time, becomes 





, r 

Heat xmits 

' % 

- '’Heat:, in fuel ^ ' 

'Heat to exhaust ' * , / 

, , ^ ,to cbofing wato > , 

y 1 , 

; ‘ , 

U ' 

100 ' 
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NoTls. The Efeat Engine Trials Committee recommend the use of the higher 
calorific value of the fuel for use in the energy balance, since there is a doubt 
about the other calorific values. 


Ex. Gas engine trial. (B.So. 1930.) 

A gas engine governed by “ hit- and-miss ” and developing about 15 h.p. is to be tested 
]n order to find its thermal efiicieiicy and mechanical efficiency at various loads. Make 
out a list of observations you would take and state how you would measure the several 
quantities involved. 

Show how you would use the result to calculate the efficiencies required. 

Heat balance sheets are to be drawn up for the trials. 


Mechanical efficiency = 


B.H.P. 


1 M . Heat equivalent of i.h.p. 

Thermal efficiency (i.h.p.) basis = (21 

Heat supplied per mm. ^ ' 

The quantities required for a heat balance are detailed on p. 591. 

Equations (1) and (2) and the heat balance indicate the quantities which must be 
measured. 

The B.H.P. is most readily obtained, for an engine of this type and power, by a rope 
brake, from which the effective torque on the brake rim may be computed. A revolution 
counter will supply the speed. 

A normal type of indicator is suitable for estimating the i.h.p., provided a counter is 
placed on the gas valve to record the working cycles. 

If the oalorifio value of the gas is known, we only require to meter the volume con. 
sumed, and refer this to the condition at which the calorific value was obtained,' by 
recording the absolute temperature and pressure of the gas. 

The heat rejected to the cooling water may be obtained by measuring the tempera*-' ' , 
ture rise of the waiter; and, to eliminate temperature effects on the metering of the water, , 
a meter, which has been calibrated for mass flow by direct weighing, should he fitted 
on the inlet pipe. . . ' 

r The heat to exhaust can only be determined, with any precision, by fitting an ^xhausfc ‘ 
calorimeter close to the engine. This oalojdmeter is similar to a surface condenser; and : 
it shoiild he capable 'Of reducing' the temperature of the exhaust gases to that of' the 
atmosphere.', \ ^ ^ 

, 1 Thebbservations’jshouid he taken dver a definite interval ,of time, after 
ditiqns h#e been^ttained, and it is eonvetdent to draw up a heat balance ihh 



"(jrotwo4h,,SdioJ 


, ^ '-.ti 
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If it were possible to use a, light spring for both the charging and power strokes of a 
gas engine the form of diagram shown in Fig. 305 would be produced, the direction of 
the arrows being followed. 

Now the sign of an area depends upon the direction in which it is traced, and since 
the black area is traced in the reverse dnection to the white area, then it is of opposite 
sign. This is obvious, since the black area represents the work done in charging and 
discharging the cylinder. The wavy line on the exhaust stroke being produced by the 
elasticity of the column of exhaust gas. 
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B.H.P. ~ (G.H.P. -P.H.P.) for the working cycles- [p.h.p. of the missed cycles] 

220 

The number of cycles -y- =110 

The number of working cycles = 100 
The number of missed cycles = 10 

PLAN LA 15x;rx72 1 

33,000 33,000 “ 12 X 4 x 33,000 “ 686 • 

Net i,H.p. = i [(83-6 -3-5) 100- 6-1 x 10] = 11-53 

B.H.P. = 8-62 
F.H.P. = 2*91 


Let n be the number of firing strokes to keep the engine operating at no load, i.e. 
to overcome the pumping and friction losses. 

Work done per firing stroke = 3830 ft. lb. 

„ „ „ pumping stroke = 293 „ 

3830?i-293(110-%) = 2*91x33,000, 

128,230 
^ 4123 * 


Gas per firing stroke = 0*0356 cu. ft. 


Gas per minute at no load = 


128,230 

4123 


X 0*0366 = 1*106 cu. ft. 


Ex. Diameter of gas engine cylinder. 

Determine the diameter of a gas engine cylinder to develop 24 i.h.p. when making 
96 explosions per minute, given clearance volume J swept volume, law of eompressio]a| 
and expansion, absolute maximum pressure 2-75 times the absolute pressure 
the end of the stroke. Length of stroke to be twice the bore of the cylinder. ; 

Let d he the bore of the cylinder in feet* , 


Swhpt volume = -^ x 2d 
Trd® 


cu, ft. 


Gleatance volume = — ?= Total volume = |?rd® =? %. /* 


in. 


. , ' at end of explosion = = 2*75 x 69^2 ,= 246*2 lb. per teq. to, ' ' 



'-:»S 




S' 
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But - Vi and Wg = v^. 

•tv *^*1 / M < 4 / \T4i 2rf 

. - w = o.liPt-P^) = -^3- X -3-. 

Work done per niiiinte = 2i x 33,000 = x x 90. 

U‘d O 




d — 10*23 in. 
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Ex. Horse-power of gas engine. (Whitwortli ScholarsMp 1024.) 

Calculate the maximum horse-power which can be developed in the cylinder of a 
four-cycle gas engine which runs at 210 r.p.m. The diameter of the piston is 12 in. and 
stroke 16 in.; clearance volume 25 % of the swept volume. 

The gas supplied consists of CO == 19*7 %, Hg = 28*8 %, COg = U*4 %, Ng = 37*1 %. 

Assume total mixture at n.t.p. admitted per suction stroke is 0*875 of total volume 
behind the piston at the end of the stroke and that the thermal efficiency is 35 %. 

Calorific value of Hg per lb, = 29i000 O.H.XJ. 

Calorific value of carbon burning from CO to COg « 5600 o.h.xt. 

Density of air = 0*0807 lb. per cu. ft. 

Theoretically the maximum power is developed when the weight of air supplied is 
a minimum, since then the volume available for receiving the charge is used most 
effectively. 

The combustion equations are 

2Hg+ Ofi = 2HgO 2CO + Og = 200^ 

Vols. 2 1 2 Vols. 2 1 2 


OgforHg 0*1440 
Oa for CO ^ 0*0985 

Total Oa = 0*2425 per ou. ft. of gas. 
Air per ou. ft. of gas ^ x 0*2425 

AX 

= H53ou.fb. 

Volume of mixture per cu. ft. of gas » 2*153. 

c , i TTXP 16 TT 

Swept volume =* jg g cu. ft. 


Clearance volume 
Total voltime 


TT 

Ml 

5ff 

if’ 


5?r 


Vojumaof charge admittedper stroke s=s 0*876 x . 

j ' ' ■ , , ' ’ ' ; ' ' , 

* , , Kjj. 210 

C^rge yoliuhe mmvW ^ 0*876 x -g x 120*2 cu. ft; 

V" 120*2 , ' . 

- 65‘8oa.fc. 


^ 't 1 Vi C ‘ f I' * 


38 -S. 
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Hence 


Volume of Hg pei mmute 
Volume of CO per minute 

Caloiific value of Hg per cu ft 


= 558x0288 = 1609. 
= 55 8x0197 = no. 
2x29, OOOy 


20 + 0 ^ = 200 
24 32 56 

56 

*. 1 lb of C produces ^ lb of CO. 

Calorific value of CO per lb. = — = 2400. 

00 

Calorific value of CO per cu ft. = = 188 c h u. 

oOO 


Heat m charge due to Hg = 16*09 x 162 

Heat m ehaige due to CO = 1 1 *0 x 188 

Heat supplied per mmute 

Heat utilised = 0 35 x 4672 

, , , 1636x1400 

n.i>.deTeloped = -3P^ 


= 2606 
= 2066 
= 4^ 

= 1636 O.H F. 

= 69-4. 


Ex. Gas engine with waste heat boiler. (I M E. Apiil 1938 ) 

The following observations were made in a test of a gas engine m which a waste heat 
boiler served as an exhaust gas calorimeter gross caloiific value of gas, 290 oh u 
per cu, ft. at H T p , gas consumption, 330 cu ft. per hr. at n.t.p , density of gas, 0 044 
Ib. per ou, ft., weight of water vapour of combustion produced per cu. ft of gas (at 





21® 0. and 82® 0. Temperatur© of ©cshaust gases leaving the bojls^j 


< 
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]2(i^ C C ikuKito th(^ heat pei houi hav 111*4 the ejigine and evpioss as a percentage of 
tlie heat supplied 

Assume the dew point of the e\h lust teases is 50" C , the total heat of di 7 satiuated 
steam at 50° (J ~ (il? f H u pei Ih the mean spec ihc heal of steam <is« 0 and the 
iapetific heat of the flu(‘ gases as 0 24 Take 15° 0 , the atmospheiic tempeiatme, as 


datum 

Weight of g IS pei houi ■= 1130 x 0 044 u 52 lb. 
Weight of au pei hour 170 00 

lSJ.521b. 

Weight of steam pei houi = 330 x 0 015 - 14 86 
Weight of di y flue gas » IbO 66 lb. 

Heat m dry flue gas = 169 66[126 - 15] x 0 24 == 4,520 

Heat in steam foimed ~ 14 86[G17 - 15+0 48(126-60)] - 9,400 
Heat to boiler = 370(82-21) =5 22,380 

Total heat leaving engine relative to 15° C = 36,590 

Heat supplied = 330 x 290 = 95,750 


Heat lejected to eidiaust as a percentage of the heat supplied = 38*2 % 


Tookey factor. 

Mr W A Tookey, in his paper “Commercial Tests of Internal Combnstiun 
Engines”, Proc Inst. Mech. Eng. 1914, desciibed a factor by which all forms 
and sizes of internal combustion engines might be compared 


The Tookey factor is 


M.E.P in cy cle, lb. per sq. in^^ 

Thermal value of 1 ou, ft of cylinder mixture' 


Thermal value of 1 ou. ft. of cyhnder mixture 

~ Heat su pp hed per impulse 

Swept volume x Volumetric efficiency + Clearance volume’ 

Tor a modern gas engine the Tookey factor should be 4* 1 4, when the heat supply 
IS measured in o.h jj . 


(Senior Whitworth Scholarship ) 

Ex. What is the value of the Tookey factor for a gas engme developmg 12*5 i.h p. 
Use the following data: Piston diameter, 8 26 in , Stroke, 12 m ; Explosions per mmute, 
110, Caloiifio value of gas, 280 0 h.tj. per cu ft ; Gas per hour, 216 ou. ffc ; Clearance 
volume, 25 % of si^ept volume, Volumetric efficiency, 0 875. 




PLAlSf 

331000* 


Mm.p. 


i,H.p X 33,000 

LAN * 


MP),P. 


33,000x126 
4 12 


70*4 lb. per sq, m. 




698 
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Charge volume referred to N.T.P. 

=/jx8'25*x 

Clearance volume = 0*25 x 0'371 



Gas per impulse = 


m JL_ 

60 ^110 


==0-0326. 


X 0-875 5= 0*3246 cu. ft, 

= 0-0928 
0-4173 


Heat supphed per impulse — 0-0326 x 280 = 9*13. 


Thermal value of 1 cu. ft. of cylinder mixture = 
70-4 

Tookey factor = == 3-22. 


9-13 

0-4173 


= 21-84 c.H.tT. 


Estimation of volumetric efficiency from a light spring diagram.’*' 

In an attempt to estimate the volumetric efficiency from a light spring diagram 
the following assumptions are made: 

(1) At the end of the exhaust stroke the clearance volume is filled with 
residual gas at pressure and temperature T^, 

(2) On the suction stroke the residuals are segregated from the charge aii4 
move with the piston. 

(3) At the end of the suction stroke the residuals assume the suction pressure 
Pg and average temperature Tg, 

Let Vf be the volume of the residuals at ps-Tg, Then 


T " T 

, ^8 “‘■<5 

If 7 is the swept volume the volume occupied by the incoming 
; Let the (sompiession ratio 

' . . , , - I . f ~ • . 

/ ^ , ;i, Then 1 and '3 hi 2 the .charge volume at condition p^T^ 


.{!) 


,{2). 


(3) 




' i ? '<■>! ‘‘ ^ 

M 1.'!'* '»'v 
*: V . ' -f jsf* 


(id i943)';rt,See also': p;. 323*" APpohdiSe' ' 1 v5 j 

" 'i' ■'"§m 
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From the definition of volumetric efficiency p. 587, the charge volume 
should be reduced to intake conditions whence 




pX 
. r-\ . 


( 5 ) 


For an unsupercharged engine will he tlie condition in the engine room, 
so instead of working with absolute pressures, differences of pressure may be 
measured from the atmospheric line, at the appropriate points, on the light 
spring diagram thus: 

Pc=Pt + ^P0 Ps = P,-^Pr 
Substituting these values in (5) give 



For an average engine 360° K, This instantaneous temperature may be 
checked by metering the gas and air and computing it from the above equation. 

In the experiment it is inadvisable to use a spring of stiffness less than 1/16, 
otherwise it will not exercise sufficient control over the indicator mechanism. 

Owing to the thermal inertia of most thermometers, the rate at which the 
temperature is changing with respect to time, and the temperature gradient 
throughout the charge, direct determination of the average temjjerature is 
extremely difficult. 

In an attempt to obtain this instantaneous average Professors Callendar and 
Dalby used a resistance thermometer with an extremely fine filament. 

At a predetermined instant an engine-driven cam .plunged the thermometer 
momentarily into the midst of the charge. 


Ex, Air-fuel ratio and excess air with GO present ina gas engine, (B.Sq, 1935,) 

In a test of a gas engine, the gas used had the following composition, by volume: 
PH 4 , 6 ^ %; Hg, 2*0 %; Ng, 2-0 %; COgi 31*0 %, The dry exhaust gases when analysed, 
,gaT^feOs,S-3'%;Jjj.8J%;CO;o-3%rCO,,'U4%. . I . 

- Bnd («) the air/f^lratio, by volume, to give complete combustion, (jb) the pereentage 
‘ 'afe;^Qess air 'aotoHy used test. . ; - 

' ‘Aieontains‘*?9 % by yoluihe^ 
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1 vol oJ gas h 2 vols ol O 2 produce i vol of COg and steam which is condensed mthe 
gas apparatus 

2H2+02 = 2H20 
2 vols of H 3+ 1 vol of O 2 

Total air lequued, foi complete combustion, of 1 ou ft of gas 

^[065x2+002xi] = 6 235 
Alt fuel latio, for complete combustion, is 6 235 to 1. 


The CO present in the exhaust gas complicates the problem, but, as this CO is pio 
duced by imperfect combustion, and not as the lesnlt of a deficiency m the an supply, 
the actual air supply will not be affected by considering the CO burnt to COg 

Usmg this dodge we can compaie the COg content tor the actual air supplied with that 
of the minimum air for complete combustion, and m this way obtam the peicentage 
excess air 

In 100 cu ft of flue gas there aie 6 3 ou ft of O 2 , 83 cu ft of Ng, 0 3 cu ft of CO 
and 11 4 ou ft of COg. 

If we now consider burmng the CO to COg, we have 

2C0-f02«2C02. 

2 vois. 1 vol. =s! 2 vols. 


0 3 

/, Og required to hum the CO « -j-, and the COg formed « 0 3 cu ft , whence the 

gas analysis for complete combustion, with the actual air supply, becomes 

Og =516 
Ng =83 00 
C 02 =ir^ 

99 85 

whence Percentage GOg = — = 11 72 %. 

For complete combustion of 100 cu ft of gas the mmimum air supply = 623*5 cu ft , 

and the Ng m this an = .-^ x 623 5 = 493 cu. ft. 

100 

Kg m the gas = 2 

Total Kg is 496 cu, ft. 


Analysis of dry exhaust gas for minimum air supply is 

r 

% by volume 

COj = g® 16-24 




hifanal (^mihustwH Encjuu^ 


noi 


'1 0 If (hut tlio pt ret ni it,t COgliom 1(> 24 to 1 1 72 Uir dirsupph must heimitisod 
b> t tu It , so tbit 


% V 100 

5<)1 I ] 


- 11 72, 


wlifiicc f - 22^011 ft ottxceiss iii pei KKtfu ft olei^? 


Pci centavo e\resN an 


22^^x100 
()23 5 


-36 7 


> 


Check. Fiom p 610 the cxcesn an is given bv 


^ % ^2 _ 
21 - %02 ““ 


59lKy”,^xlO() 

K IK 


= 107 pu tt 


This disagrees with the 22S given bj’’ the previous bolutiou, and appaientiv there 
IS an enor m the analjrhis of thf exhaust gas The tiiie analy-sib may bo piedicted is 
foUoi^s 

Excess air = 22 S 

Ng in excess an = 0 79 x 228 ISO 
O 2 ,, „ ,, =— 4S 

0/ 

Total N 3 m exhaust gas a 495 4- 180 « 075 82 41 

Og „ „ -a 4H 5 bO 

CO 3 „ „ =:J0 11*72 

819 100 00 

Check. Excess an* = if ~ 22S 8 
21 — 6 86 

The true analysis ot the exhaust should theiefore be appjoximately Oa^OOl, 
Na-:82 11, CO = 03%, 003=1142 


EXAMPLES 


1. Volumetric efSciency. 

Determine the volumetric ejGSciency of a iour-stioke gas engine and the ratio of air 
to gas from the following data Clyhnder diameter = 9 in , Stioko » 17 in , Cas used 
per hour = 286 cu ft , Pressure of gas = 14 96 lb, pex sq m , temperature 17* C 
Air used per hr == 2812 ou ft , Pressure of an =» 14 9 lb pei sq m , temperature 17® C , 
Worinng cydes » 4890 per hr , r p m = 200 
Assume that pressure at end of exhaust and suction strokes 14*7 Ib. per sq m 
Also assume that the volume of the charge (gas and air m a w orkmg stroke and air m 
an idle cycle) m cubic feet is the same for an idle as for a working cycle 

Am 78*8%, 7*83 to 1. 
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2. Volumetric efficiency. 

The lesuli of a tiial on a four-stroke gas engine cylinder, diameter 11 in , stroke 
19 in , was: Compression ratio, 5’Gi; i h.p , 31*5, r p.m , 203-8; Percentage of woiking 
cycles, 84-9, Katio of aii to gas in average \\ orking cycles, 8-6; Lower calorific value of 
gas at N T.P., 497 B T ir , Indicated thermal efficiency, 35*3 %. Pmd the volumetiic 
efficiency. Am. 81% 

3. Air consumption of an internal combustion engine. Volumetric efficiency. 

Heat value of charge. (B.Sc. 1934 ) 

Describo a method of obtaining the aii consumption of an internal combustion engine 
A smgle-cylinder gas engine, with an explosion in every cycle, used 7*8 cu. ft. of gas 
per min. during a test, the pressure and temperature of the gas at the meter bemg 3 m 
of water and 17° C.; the calorific value at n.t.p. was 281 c.H.ir. per cu. ft. The bore of the 
engine was 10 in, and the stroke 19 m., the speed was 240 r.p.rn. 

Pmd its volumetric efficiency relatively to air at n.t.p. (o) taking air and gas into 
account, (6) taking only air into account. 

What is the heat value of 1 cu. ft. of the mixture at 

Atis. {a) 82-3 % ; (6) 75*35 % ; 23*8 a.H.Tj. per cu. ft. 


4. Volumetric efficiency. (I.M.E, April 1938.) 

In a test of a &mgle-cylmder gas engine, i\ith an explosion in every cycle, the gas 
consumption given by the meter was 8*0 cu. ft, per min., the pressure and temperatuie 
of the gas being 3 in. of water and 17° C.; the calorific value at k.t.p. = 280 o h.u. per 
cu, ft. Air consumption was 6*3 lb. per min., the temperatui e being 1 7° C. and barometer 
29*3 in. mercury. The bore of the engine was 10 in. and stroke 19 in., and r.p.rn. = 240. 

Fjnd its volumetric efficiency relatively to air at n.t,p. (a) taking air and gas into 
account, (6) taking air only into account. 

Calculate the heating value of 1 cu. ft. of the air-gas mixture at k.t.p, 

Ans. (a) 81*8%; (6) 75%, 24*2%. 


5. Thermal and air standard efficiency. 

A gas engine developing 100 i,h.p. consumes 1800 cu. ft. of gas per hr., the lower 
calorific value of which is 650 b.t.tj. per cu. ft. The swept volume is 12 cu. ft. and the 
clearance volume 24 eu. ft. Determine the thermal efficiency of the engine and compare 
this with the air standard efficiency. 

Ans. T,E. =5 25*7 % ; a.s.b, = 6M % relative « 50*3 %. 


6. Thermal and relative efficiencies. (B.So, 1923.) 

A gas engine running at 226 r.p.m, used 7-52 cu. ft. of gas per min. measured at 
1481 lb. per sq. in. and 16° C. of lower calorific value w 332 o.B’.ir. per ou, ft. 

load, on brake » 276 lb. at 2*06 fb, radius. Clearance volume = 0*157 oti. ft. 
SNa^oke 19 in. Cylinder diameter « 9*6 in, Find the thermal and relative effioimoies 
on a basis. Am. 23*8%; 45*8%* 
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7. Indicated horse -power. Air standard efficiency. (Senior Whilwotlh lt)22 ) 

Tlie analj^iis ol the mdioator dia^iam luken on a ^.i.s cnijine, ^\lien runnint, on full 
load, m\es vfilui's of index /; — and 1*25 for eoinpression and expansion (Uivt-, 
K'^poefivcly. The data for the engine incJndes the dianietf'r of the cylinder S in , stroke 
U 111 , eloaiance volume 25% of hucpt volume, rp.in 24lf, explosions lift poi min 
The piessuie at the commeneemeiit ot compiession stroke ■=!. 13 lb. per sq. in and it 
25 ot the foruaul stroke 150 lb. per sq in. 

Allowini* a diagiam factor of 70%, obtain (a) tlie r.n p , (ftl the effiohmey of llie 
daiuUid engine of comparison. Am [a) tiO- 1 t.h.p, : (/;) 47*9 *],> . 


8. Work done, change of internal energy, heat lost. (l.M.E. Ajiril 193H.) 

In a gas engine of compression ratio (5 : 1 the pressiii e and lemperatm e of the charge 
at the beginning of compression are 14 lb. per sq. m., 87'’ 0. The index of compiession 
IS 1-3; = 0-18, 6% = 0*25. 

Find per lb. of chaige during coinpies&ion (of) the voik done in it -lb., {&) the change 
of internal energy, (c) the heat lost. 

Ans. (a) 84,000 ft.-lb. ; {b) 13*85 an,u.; (c) 45*8o.n.u. 


9. Gas-engine trial. (B.8c. 1924.) 

The following results were obtained during a test of a gas engine loaded by a fi iction 
brake: Cylinder diameter, 8 in,; Stioke, 17 in.; Dead load, 165 lb,; Spiing balance, 
23*8 ib.; Brake wheel diameter, 5 it.; r.p.in , 215; Explosives per rain,, 98, M.E.P , 82 lb. 
per sq. in.; Gas per ram., 7*16 cu. ft, at 29*9 in Hg, 14*8° C.; Cooling water per mm., 
37*7 lb. raised 25*8° C.: Calorific value of gas, 275 o h.u. per cu. it. at t.p. 

Calculate the i.h,p. and b.h.p. of the enguio, and find the mechanical and thermal 
etficiendes. 

Draw up a heat balance sheet for tie engine per minute. 

Aws. 17*33 1.H.P. ; 14*46 b.h.p. , 83*4 % , 21*9 % . Heat to B.E.P., 15*6 % , to cooling 
water, 52*2%; to exliaust, etc., 32*2%. 


10. Gas-engine trial. (B.Se. 1929.) 

The following results refer to a trial on a single-cylinder, single-acting, four-stroke 
gas engine of 7 in. bore and ISin, stroke governed by bit-and-miss: M.n.r. of positive loop 
81*0 lb. per sq. in., m.e jp. of negative loop 4*0 and 6*0 lb. per sq. in, for firing and missing 
cycles respectively; Speed, 240 r.p.m,; Explosions, 92 per min. ; Brake torque, 1761b, ft.; 
Gas used^ 3*31 cu. ft. at 2*2 in. of water above atmosphere, and temperatme of 16*0° C., 
Calorific value of gas, 280 c.H.u. per cu. ft. at 0° C, and 14*7 lb. per sq. in.; Cooling 
water, 12 lb, per min. raised 28*4° C,; Barometer, 30*4 in.; Clearance volume of engine, 
0*0824 cu. ft. 

Calculate the h.3P, absorbed in friction, the thermal efficiency of the engine, gross 
basis, and the air standard efficiency. 

Draw up a heat balance sheet for the trial giving the quantities in 0.E.T7. per min. 

Am, 2*0 H.B. ; 28*7 % ; 47*7 % ; Jacket, 341 o.H.xr. ; b.e,e., 189*6 ; Radiation exhaust", 
362*4 o,H.u. 
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1 1 . Gas-engine test (heat balance, volumetric efficiency, relative efficiency). 

{B.Sc, (External) 1932 .) 

A single-cylinder gas engine has a cylinder 7*6 in. bore and stroke equal to 15 in., and 
a compression ratio of 5*75 to 1. 

The following data were obtained from a test of this engine: 

R.p.m., 285; Explosions per min., 97-2; Mean indicated pressure, 81 lb. per sq. in ; 1 

8-2; gas consumption, S’7 cu. ft. per min. at 17° 0., and 2*5 in. of water; i 

Barometer, 294 in. ; Cooling water, 25-0 lb. per min. ; Inlet and outlet temperatures of I 
cooling water, 12 and 30; Higher calorific value of gas at N.T.P., 279 c.h.u. per cu, ft. I 
Air consumption equals 3*32 lb. per min. - | 

Draw up a heat account for the test in c.h.u. per min. • I 

Find the mean volumetric efficiency relative to the air at n.t.p., taking both air and i 
gas into account. 

Find the efficiency relative to the air standard cycle if y equals 14. 

Ans. Heat supplied per minute, 957*5 o.h.tj.; Indicated work, 310 c.H.ir.; Cooling 
water, 460 c.h.ij.; Volumetric efficiency, 81*6; a.s.e., 50 % ; Thermal efficiency, 324%;' 
Relative efficiency, 64*8 %. 

12. Gotiversionfrom gastooil. 

A mining company acquired a second-hand gas engine which they wished to convert 
to run on oil for a minimum expense. Determine the total thickness of the packing to 
be placed beneath the connecting-rod brasses in order to raise the compression pressure 
from 112 lb, per sq. in. to 490 lb. per sq. in. Compression index, 1*3; Initial pressure, 

14 lb, per sq. in.; Bore, 12 in.; Stroke, 15 in. 

What other modifications are necessary, and what special precautions would you 
observe? Ans. 2|m. 

13. Diameter of gas-engine cylinder. 

Find the diameter of a gas engine operating on the Otto cycle to fulfil the Mowing . ' 
conditions: b.h,p,, to he developed, 46; Piston speed, 650 f.p.m.; Mechanical efficiency, 

SO %; Clearance volume, 0*25 of the swept volufne; Maximum explosion pressure, 2-5 
times, the maximum compression pressure; Index for compression curve, 1*38; Index 
for expansion curve, 1*36. Ans. 15 J in. diameter, 



14. Cylinder dimenslona. ' (I.M.E. October 1936.) ’ 

A four-stroke cycle gas engine with hit-and-miss governing is to run at 220 r.p.m, ' 
and carry a nbrmal load of 20 b.h.p. with an m.e.b. of 85 lb. per sq. in. and a meqhanieal 
, efficiency of SO % , It is to be capable of developing, on overload, ah 20 % m excess , ’ 

of normal; Assiuhing a stroke-bore ratio of 2 : calculate the cylinder dimensions. 

' i , , ' , ■ . ' Ans. 9*33 m. ; SS’dfin. ' ' 


\ - 16; 1?liebretical pres, ^ure after (B.§c.l923,) 

f- ' The'dimensiopsd£anengmeTwrki%on the Ottd cycle are; Bore, Stroke, 

,,V ''' > ' -'v, 

cycle, 'it don^hhics 2*5 cu‘. 
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lb. Air to gas ratio. Volumetric efficiency. (I M.E. Octol)er 1938.) 

The following particiilam relate to a test on a single-cylinder four-stroke gas engine: 
Cylinder bore, 8 in., Stroke, 16 in.; S^ieed, 300 r.p.m.; Gas consumption, 275 cu. ft. per 
hr. at N T p. Percentage composition of gas by volume: CH 4 , 66 * 0 ; H.,, 2*0; Nn, 2 * 0 ; 
CO.,, 310 Percentage composition of dry exhaust gas by volume: GO^, 1 M; CO, 0*3; 
O 2 , 5*3; Na, 83'0. 

Find (a) air-fuel ratio by volume, ( 6 ) volumetric efficiency taking both air and gas 
into account. 

Air contains 79 % by volume of nitrogen. (a) 8*25 to 1 ; (l>) 64*8 % . 

17. Change in volume on combustion. (I.M.E, 1938.) 

The percentage analysis, by volume, of a coal gas is as follows* Hg, 48; CH 4 , 2S; 
CO, 8 * 6 ; C 2 H 4 , 6 4; 0*, 0 * 6 ; Ng, 8*4. Determine the percentage change in volume when 
this gas is burned in nine times its own volume of air, and give the composition of the 
resulting products of combustion. 

Assume air to contain 79 % of Ng by volume. 

A?is. 2*84% with HgO as steam; COg, 6*08%; H 2 O, 12%; Ng, 74 %; Og, 8*92%. 
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CHAPTER XVin 


INTERNAL COMBUSTION ENGINES 
(2) THE PETROL ENGINE 


All modern petrol engines operate on the Otto cycle, winch, in practice, maybe 
peiformed in two or four strokes, thus: 

The two -stroke cycle. 

Where extreme simplicity and ease of reversibility are desired an engine may 
be built having but seven mam components, the cycle of events (o? igimlly due to 
Sir Dugald Gkrl) being completed in two strokes of the piston, thus. 

The majorportion of theinwardand outward strokes is occupied by compression 
and expansion of the charge. Towards the end of the expansion stroke the piston 
uncovers the exhaust ports, and so releases the burnt gases. A little later a 
second set of ports is uncovered which puts the cylinder in communication with 
the crankcase, containing a slightly compressed explosive charge. This charge is 
transferred to the upper side of the piston, on the ascent of which it is compressed, 
and a fresh charge is drawn into the crankcase. The cycle is then repeated. 



Eig. 307. Pay two stroke. 


^ There are several practical difficulties in the efficient application of the two- 
stroke o^ole, thus; 

(1) Theremoralofheat. 

I 

(2) The Met and exhaust ports are open smmltaneously, so that 



The reuMhbg charge, may be polluted by exhaust products. 





Tnfeiwd Comhmiion Ewjuu^'' 607 

(3) The ])rolimiii(U’y f (mij)i esbion of the rhai£>e, in tlu* en^ino m\ oh es 

]X'tioI entcnng the ciankoaso, and tliw interferes \Mth lubrication 
( t) The t’oii&umptiou of lubricating oil is greater than in a foui -stroke enaiue. 
(o) The Ksudden lelease of the j)roduets causes the exhaust to bo nou>v. 



(6) With crankcase compression the space occupied by the moving parts 
prevents a fuii charge being taken in. This defect, combined with (I), prevents 
the two-stroke developing much more power than a four-stroke of equal cylinder* 
capacity. * 

(7) Imperfect rtaming on small throttle openings. 

In spite of the previous defects the superior torque and simplicity of this 
engine have caused designers to exercise a great deal of ingenuity in seeking 
improve it. 
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Heat flow has been increased by the use of aUoy cylinder heads and water 
cooling. 

Unsymmetrical pistons carrying deflectors have been replaced by symmetrical 
pistons in conjunction with inclined ports in the cylinder walls (see Fig. 309 \ 
In some cases a suitable ©xhaust pipe, and positioned exhaust ports have been used, 
to induce the explosive charge without the assistance of crankcase compression 
Defect (2) has been surmounted by the opposed piston engine, in which two 
pistons work in opposite directions in a common cyhnder (see Fig. 310), The 
incidental advantages of this arrai^ement are 
(cl) Excellent balance and torque. 

(6) An ideal combustion chamber. 

(c) Symmetrical castings. 




(a) The suction str< 
an explosive charge tl 
valve is mechanically 

Exhaust Valve - 
Closeo 

Inlet Valve Open 


Fresh Mixture 
Drawn in 


* Piston Descendinc 


V 


0 


Both Valves - 
Closed 


Mixture. Ionit 
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610 eratuie and pressure developed during the explosion are 

(c) Tb® Ijehind the outward moving piston during the expansion 

,„t before the end of the expan- 

/nbe the exhaust valve opens an 
Sion Strok remarks ^ 

releases for those m the clear- jJ 

’at® “ • 

ance Space, 

ins pis^cn. ^ 

r Nearly days of the petrol engme 

I® * ^d of 1000 ft. per mm. and 

^P‘^*°“ Etiv® pressure of 67 lb. per 

'‘“^'‘"Srltideredtbe average, so 

67 XTTX -P^x^^j ^ ^ 042)^ 



iM./ 


B.b.c. 


Fig. 313, 


I.S.r- == 47^00 

n is the diameter of cylinder in 
^liere ^ 

^?jan engine having Jf cylinders the 

P5,P.i3gitenby i.h.p. = 0-iDW, 

hut the rating still stands. , 

' . u Utre Biley oar engine has four cylinders 69 mm. bore. Calculate the E.A:ft 

‘ /69 \a ' ‘ - 

raW; ' R.A.0.mtiiig*4x04xl^| «U*8 K*f. 
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Let Va be volume, and the swept volume. 

+ 


4 ' 




~ Compression ratio. 


Whence v. 


942-5 


i+*« 


235-6 cn. cm. 


5. 


4. 


Ideal efficiency = i4 47-6% (see p. 75), 
PLAN 80 X 144 x 942-5 x 500 


33,000 144 X 12 X (2-64)3x33,000 

Total H.P. — 23-2. 

T 3 . , ^ 23-2 x 33,000 x 60 

Petrol consumption = ,- 1 ;^ - 7 , - ~ — ta 

^ 1400x0-24x10,500 

Eelative efficiency ~ = 0*504, 


5-81 per cylinder, 

131b. per hour. 


Effect of cylinder diameter on power- weight ratio. 

rtk I 

Experience has shown that the weight per b.h.p. varies as the linear dimensions 
of the engine. 

Large power output, improved torque, a lighter flywheel, and generally a 
lighter engine, are therefore the result of increasing the number of cylinders 
rather than the cylinder bore, which thermal considerations restrict to Gin. 

At present twenty-four pistons per crankshaft appears to be the limit, engines 
then being duplicated for greater outputs. 

The multiplicity of cylinders— high compression ratios and high speed — has 
introduced a roughness into some modem engines that may only be tolerated 
through the introduction of vibration dampers and rubber mountings. 


Pressure rise in internal combustion engine cylinders. 

Unlike the steam engine the driving force of an internal combustion engine is 
developed inside the cylinder ; the pressure rise attending an explosion is therefore 
of great interest to those who require a maximum power for minimum fuel 
consumption. 

By applying the conservation of energy principle, it would appear, a simple 
matter to predict the maximum pressure' developed by an explosion which takes 
place at constant volume, thus: , 

. , Let W be the weight of air, ^ 

be theweighioffuel mixed with the air, ' , 

! ,0,^. bethe Oaio^cWueofthe 'to ' _ ■ 

/ £?^be:thep0<^flo;heat Qf t;JieprpdttCt3pfco 

'' i'- i' ' )■ 1 1. , , ‘ I ' ” I ’ I > i< i ' , ’ ' ^ 

' ' 59*3 
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Temperature rise = 


?! T, ■ 


At constant volume Hi = ® 2 > rehenoe 

'Ti + Temperature rise' 


1^3 = t'l 


n 


T1 

[ wc.v. 

^'^ClTj(JV + w), 


'' explosion are 
’ expansion 


...(3) 


Ex. An oil engine cylinder is not cooled. One pound of air and 0*00518 lb. of fuel 
are introduced into the cylinder at 60° ¥. and 15 lb. per sq m. and are compiessed to 
60 lb. per bq in Taking the specific heat of the products as 0*173, find the maximiim 
temperature and pressure at the end of the explosion The caloiific value of the fuel 
is 19,800 B.TU. pel lb. 


y-i 


[Pi 


To find the temperature at the end of compression, we have 2^2 = ^i(~ I ^ > 

oj 

Tj = (460 + 60)®* ' = 780“?. 


let be the maximum temperature, then 

-780) X 0-173 X 1-0058 = 0-00158 x 19,800, 


7'„, =1376°?. absolute; also = 

= 60 X := 105*8 lb. per sq. in. 

Experience shows that the actual pressuie developed is about half the piedicted 
amount, a problem which puzzled engineers very much in the early days of the gas 
engine, and which is treated on p. 613. 


Problems encountered in the evolution of the petrol engine. 


The following are some of the problems that have arisen in connection with the 
development of the petrol engine: 

(a) The supply of a chemically correct mixture at all conditions of speed and 
power, and the uniform distribution of this mixture to all cylinders of a multi- 
oylindered engine. This problem is dealt with under the heading Carburettors 
and Carburation, p. 643. , 


(b) The maximum pressure developed during the explosion is only about half 
of Ijliat value predicted by the elementary theory above. 


* (0) The development of large power from small cylinder oapadiy involve 
bhe cylinder to the utmost with explosive mixture, and providing 
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Let Vf be th^ b1mni))er tbil v\ ill a-llow 1 his t haiijo to Lo Imial Hitlioiil detonation 
-.4). 

IBcoiioiny in fu(^l is dcsirdLIe toi tlio following ledsons. 

( 1 ) To lunit the amount ol heat uhicli luis to he louioved fioin tlu‘ engine, 
since a bni:}i rato of licafc flow is a potent houice of liouhle. 

(2) To inciease the laiige of aiitrali iibiiig petiol eugmes. 

(3) To elicapoii the cost of po^ver. 

[() Meehameal tiouliles are bouml to occur in Jiigh -speed engines, inhere, 
although the piston staits and stopb every 4 niches, yet it avoiages 2."> miles pel 
lioui, and in the ca&o of an automobile piston it reeeiv'es appro vimal ely 
2000 impulsive forces every minute, of a magnitude gi eater than the mass of 
the vehicle In principle, then, this type of piune mover seems wrong. 


■Pf<eoiCTL0 

OlAl RAM 


Reasons for the maximum pressure developed in internal combustion 

engines being less than an elementary theory predicts ^ 

The reasons for the apparent loss of pressure iu order of importance are: 

( 1 ) By far the most important cause is the increase m spei'ific beat of the 
products of combustion at high temperature* 

especially water vapour and CO 2 . Those con- 
stituents occupy about one-fourth of the whole 
-volume of the products of combustion. 

( 2 ) Loss of heat to the cylinder walls. This 
loss de])ends upon: 

(ft) The degree of turbulence in the mix- 
ture (see p. 620). 

( 6 ) The rate at which the flame spreads. 

(c) The point at which combustion is 
initiated. 

(d) The type of cylinder cooling; whether 
air or water. 

( 3 ) As the temperature rises above 2000 ® C. 
portions of the CO 2 and steam are dissociated 
into GO, H 2 and O 3 , Heat is required to^lfect 
this splitting up, and is returned later in the 
stroke when rooombmation occurs. 

(4) The film of gas in contact with the 

cylinder -walls is at too low a temperature to 
burn (just as in the Bayy Safety Lamp). * 

(5) Combustion is not instantaneons, since molecular adjustments involved 
in the formation of H 2 O and GOg from H 2, 0 and 0 * take time ; so that combustion 

* Fro$. 'Tnsh Mmh, Bng, 1925. ' 



Volume 
B*ig. 314. 
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doea not proceed entirely at constant Tolume. Combustion during the expanaon 
stroke is known as After burning. 

(6) Chemical action, in some cases, produces a decrease in volume; for e.g. if 
the foUowing reactions take place at constant temperature and pressure: 

2H2 + 0a = 2H20 

2+1 2 3 volumes produce 2 

200 + 02= 2 CO 2 

2+1 2 3 volumes produce 2 


Since the volume of the contents of the cylinder is momentarily constant, this 
auuarent contraction must cause a reduction in pressme; temi^mture being 
controlled by the calorific value of the fuel and the specific heat of the products 

nf combustion. 






Ex. FaU to pressure on firing an explosive mixture. (B So, 1923.) 

Discuss briefly the explanation put forward to account for the loss of pressure at 

“^^i^Sv^owT^roTo+ol. of e+gas,oflower calorific v^ 

ner ou ft was fired in a closed vessel, the initial total pressure being 

Lolute iid the temperature 21 - 5 ° G. If the volumeWo heat is given by 16-6+0-008r 

absolute ft.-lb. per ou. ft. of gas at N.T.P., find the ideal final pressiro. 

The volumetric heat as weU as the oaldriflo value of the gas apphes to 1 cu. ft. at 
N.T.B., so that consider we have this volume of mixture; then the heat absorbed ty 

the products of comhustion is given hy 

( 1 ) 


(l6-6 +0-0082')dJ' ft.-lh. 
J (373+21 5) 


( 373+31 5 ) 

Heat available to the gas per ou. ft. of mixture 

0-104 


1-104 


x266x 1400 = 36,030 ft.-lb. 


-( 2 ) 




Bcluating (1) &nd (2) 35,0S0 =J^^^^(16*6+0-008y)«2!P. , . ^ 

$5,050i=16’6T+0-004!r^---^6-ex294*S-0*004 x 294-5®, 

‘ ' V. yH4lS(Hr-lO,972,000-t), , ; 

I < I , ‘ i * 

^ ^ 'll' ‘ ^ f ' 1 ,1 I — fx 1 / " 

'•v s '1 7, r,= j[,-r^iW;ti/4l6P®-l-4Q',290,p0pil 

. « t' . . ' I L . , . r . ' 


„k ' jA 
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Ex. Reasons against the air s^ndard efficiency. 


(B.Sc. 1926.) 


Explain the rea.soii T\hy the air standard ofiicioncy is not possible of attainment in an 
iiitornal combuistioii engine, and describe how curves in which the total energy of the 
working fluid is plotted against temperature may bo used in coustructnig an ideal 
indicator diagram \^ith which the actual performances of the engine may he more 
reasonably compared. 


In 


the derivation of the a s.TJ. ~ 1 — 



the following assumptions are made: 


(1) The working fluid is air, for which the specific heats are assumed constant. 

(2) There is no chemical action, the same air being merely heated and cooled, at 
constant volume, again and again. 

(3) Expansion and compression are assumed to be adiabatic. 

(4) There is always thermal and chemical equihbrium, so that the laws of perfect 
gases apply. 


More exact treatment. 


It will be appreciated that the simjfle air cycle does not take account of the 
actual properties of the working fluid. The specific heats are a function of the 
temperature, and high-pressure, bigh-tempe- 
rature chemical action cause COg and HgO to 
dissociate into elemental gases; further com- 
pression and expansion cannot be adiabatic in 
ordinary engines. 

From an internal energy temperature curve 
the average specific heat, for each portion of 
the cycle, may be computed when the tempera- 
ture change is known, since 

Change in i.E. = Average specific heat times 
the change in temperature. 

As a rule we are fortunate if we know the 
temperature at the end of the suction stroke; 
for the other points, a trial and error process 
win give a r^sonahly accurate result, thus: 

With an ideal diatomic gas 5, 

(see p. 37). , , ; 



373“C Aaa 

\ AesoLuTt 

Zero Taken at 100® C to Avoto 
OifficuLTv wtTw Latent Heat 
3k OF Steam 





Volume 

Hg.3i6. 
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Fiom the internal enorgj/ curve find the value of and hence 7 , 
coriesponds to the fcomperatme change given by eq. ( 1 )^ and, using thi? 

value of 7 , re-calculate % by ( 1 ). 

Average —T) * • • • ■ ( 2 ) 

K^:=K,^h985. y=K,IK,, ( 3 ) 

If there is not good agreement between the initial and the more coireot 
value, repeat the calculation, using the value of 7 derived from the mternal 
energy curve. The second approximation usually gives a value of 7 sufficiently 
accurate to plot the compression curve from the lolation 


(4) 

If the heat liberated by the explosion is known, it can be set off from (2) on the 
i.E. curve, and thus the value of may be obtained, whence, at constant volume. 


with B invariable 





(5) 


The specific heat for the temperature range to will not he very different 
from that for so deriving 7 from equations (2) and (3), calculate the value 

of IT* from relation ( 1 ). Refer this value of to the i.e. curve, and if the slope of 
the line (4), (3) does not differ greatly from the slope of (2), (3), the tentativ<» 
value of 7 may be accepted as a reasonable approximation for- plotting the 
expansion ouive from the relation = c. 


Ex. Standard curve of performance. 

Discuss the standard curve of performance of petrol engines which allows for 
mixture strength dissociation and variable specific heats. 

Tizard, Pye and Ricardo in 1922 worked on behalf of the Asiatic Petroleum 
Company with a view to obtaining a standard efficiency, which, unlike the 
would be approachable, if not, so far as could be seen, an attainable ideal. 

They disoovored that for all petrols, one cubic foot of petrol air mixture, in 
which there is no surplus air or petrol after combustion, liberates approximately 
88,500 fb.-lb, of energy per standard cubic foot (5).o.E.).* Hence the energy 
liberated per s.c.F. forms a convenient base on which to plot thermal efficiencies 
for various mixture strengths (see Pig. 316), since provided combustion is perfect 
mixture strength determines the heat liberation per s,c.ip. for mixtures on the 
-weak side. 


Air^cycle efiftciency* 

With a compression ratio of 5 to 1 the A.S.JB3. 


^ ^ P-* B* pye, Combustion IBngino (Clarendon Press), 
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Fig 310 

Derivation of curve of theoretical limit of actual efficiency. 

After fii&t constructing a total energy diagram wliich allovb dibso(*iation and 
vaiiable specific hoatSj the ideal indicator diagram may he plotted as outlined ou 
p. 613. 

Or alternatively, the work done per (‘y(‘le is the difference in internal energy 
befoie and after expansion less the work done ou {‘ompression. 

The thermal efficiency was ohtainod in this way for thice mivture strengths, 
and the curve AB was drawn through tho plotted points. 

The cuxve represents tho highest attainable efficiency, having regard to the 
real properties of tho working fluid, when all heat losses are supprosM'd and 
combustion is complete and instantaneous. 

For a given compression ratio the theoretical limit of thermal efficiency is 
independent of the fuel used, and when no fuel is burnt the ah~eyelo efficiency is 
attained, since then the conditions upon which the A.b.n. is based aro fulfilled. 

Observed efficiencies, 

Ricardo constructed a special engine lor these tests, which, by stratifying'*' 
the charge, so that a readily ignifable mixture w^as swept over tho sparking plug 
points and acted as a torch to the weak mixture, he was able to run with excep- 
tionally weak mixtures. Curve 0 shows the result of his tests, tho kink being 
due to a reduction in volumetric efficiency caused by the induction system. 

Factors affecting the power developed per litre of cylinder capacity. 

The first obvious factors affecting the power developed are the weight and 
calorific value of the charge, and the brake thermal efficiency of the engine. 

The weight of the charge depends upon the following; (a) the valve timing; 
(5) the induction system; (c) the compression ratio; (d) the throttle opening, * 

* With a stratified charge, turbulence mtBt be absent initially. This, end the wesfk 
mixture m oontaot with the eyhnder wall, materialiy eats down the heat loss and improves 
tho thermal effiofenoy, * 
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(e) The choke size. {g) Latent heat of the fuel. 

(/) Air temperature and pressure. (h) Engine speed. 

Although the weight of air present in the charge volume of a petrol engines 
about four teen times the weight of petrol, yet at sea level, in temperate climates 
the rapid evaporation of the fuel is sufficient to depress the temperature, in an 
unhoated manifold, to about freezing point. In fact, with alcohol as the fuel it 
is not uncommon to see hoar frost on the induction manifold, which is but a feiv 
inches removed from the red-hot exhaust pipe. 

Further, no great error is introduced by ignoring the small volume occupied by 
the petrol vapour in comparison with the very large volume occupied by tbe air. 

In an ideal engine, then, it is customary to assume that the swept volume is 
filled with air atN.T.p., and to compare the respiratory performance of an actual 
engine with the ideal by taking the ratio 


Weight of air aspirated per stroke 
Weight of air at N.T.P. that could completely fill the swept volume* 


This ratio is known as the Volumetric efficiency, and in a petrol engine, of 
reasonable design, it should be of the order 70 to 80 %. The name arises from 
the fact that the ratio may also be expressed in terms of volumes, thus: 

Let Wi he the actual weight of air drawn in per stroke. 

he the weight that would fill the swept volume at n.t.p. 

At the aspirated state PiVi = WiRTi, 


W-, = 




and Wi 


^2 X Swept volume 

R% 


By definition 


___ 

Wa *" RTiXp^ X Swept volume’ 


( 1 ) 


But from the characteristic equation for gases 


t;- t, - y , 


=» etc. 


Applying this for reducing the aspirated air to k.t.p. conditions, we have 


Volume of aspirated air at 


By (2) in (1), 




X i?! (2) 




Volume of aspirated air reduced to Tir.T.F, 
Swept volume 


Volumetric efficiency, (Whitworth 1921.) 

Jbsplain the term volumetric efficiency in connection with tests on petrol engines, 

^ Assuming a volugnettio efficiency of %%, estimate the probable LH.r. of a four- 
i^linder p^ol engine, ^ven the following data; Diameter of cylinder, 7*26 in,; Stroke, 



/ /(ft ) mtl ( 'omhii sfum hh(gh/( a Bl 0 

sjin T pm ,1000, tiatio, uoi'j'lit ol .ui k) woiuht o( polio! 10 to I; Km;mc*v\oiks<>nth(i 
toil! stiolvoc’vlt* Not(al(»j(i( \alu( of the liiel, 10,500 < « i Tlioimal efticienfy,,*U 

Li ^ j zr\7‘i5xS5 

S\viM)t ^ oiunic = . .1.3 1 ( u. in. - 0 20.? ou It. 

^ 1^14x12 


Clui^e volume = 0*75 x 0-203 0 (522. 

1 ]b. oi fill at >1 r.r displaees 12 30 tii IL 

Weight ol air p« i bhoke = -- 0 0123 lb, 

I ^ o\) 


Woiubt of pel rol per stroke ~ ^ ^ “ — ( M )0( 1700 Ih . 

Heat conveited into woik per btroke 


l.H V 


0-000709x10,500 x 31 
100 


— 25-0 c ff.tr. 


^5-0 1000 

33,000 ^ 2 


xlxl4iKI = 213. 




Ex. Indicated thermal efficiency. Volumetric efficiency. Air standard efficiency , 

(B.Hc. 1030.) 

A nine-cylinder petrol engine of bore SJ in. and 7 J in. stroke has a compression ratio 
of 3-8 to 1 and develops 460 b.h.p. at 2000 r.p.m. when ininnmg on a mixture 20 % rich. 
The fuel ubod has a calorific value of 1 1,200 c h.ct. per lb. and contains 85-3 % C and 
14-7 % H. Assuming a volumetrio efSciency of 70 % at 1 5° C, <md a mechameal efiieiene> 
of 90 find the indicated thermal effieieney of the engine. 

With what standard of pcrfortnanoe would you compare this efficiency? Give your 
reasons. Air contains 23*3 % by w’eight i>f oxygen. 

Indicated thermal efficiency 

Heat equivalent of in C.1I.TJ, per mill. 

"" Pounds of fuel per minutelo develop this x n.p. x CUlorifio value m o.h.tj. 

XT j. • 1 X f 460 x 33,000 

Heat equivalent of i,H p. = ^ i4UW ~ c.iuu. 


The fuel consumption must be deduced from the air consumption, and the air required 
per lb. of fuel for a chemically correct mixture, thus: 

Volumetric efficiency on the definition apparently adopted in the question 

’ _ Volum e of combustible aspirated pe r strok e at 15*" C. 

Swept volume 


Swept volume in cu. ft. per min. 


7rx5‘75® 9x2000 

4 ~ ^im'^ 2' 


1010. 




Speoifio volume of air at 15® C, «■ ^ 


Charge weight of air per min. 


1010x07 

13-06 


64-1 lb. 
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For a chemically corrected mixture 

C+ Oa - GOa 2 H 2 + O 2 = 2 H 2 O 

12 32 44 18 9 

Pounds of air per lb. of fuel for a chemically correct mixture 

X 0-863 + 8X 0 - 147 ] ^ 14-8. 

54-1 

Mmimum fuel per min. = = 3-666 lb. 

12,040 

Indicated thermal efficiency = 3 . 0^5 ^ ' 2 () () ~ %• 

Compare the performance of the engine with the air standard efficiency, since this 
is the simplest comparison and a very good engine may approach this performance. 

The process of combustion in a closed vessel. 

If we consider that the combustion chamber approaches the ideal spherical form, 
that the mixture is homogeneous and quiescent, and that ignition is by a centrally 
placed spark, the sequence of events after the passage of the spark is as follows: 

At first there is no luminescence or rise in pressure or temperature*; this con- 
stitutes the delay period, in which a chain of chemical reaction is taking place, 
and which ultimately gives rise to a burst of flame that moves radially from the 
sparking plug, thereby causing a rapid local increase in temperature as the flame 
travels forward. 

This burst of flame causes a rapid rise in temperature at the plug, and as mote 
and more combustible mixture is consumed the pressure in the vessel rises, causing 
adiabatic compression of the charge with consequent further increase in tem- 
perature of the gas which was first ignited. 

With a comparatively gradual pre^agation of the flame the pressure will at 
all times be uniform throughout the vessel, but as the combustion rate increases, 
pressure waves will be set up. 

‘Onlike the pressure in a quiescent charge, the temperature will not be dis- 
tributed uniformly, the hottest gas will be near the sparking plug, whilst the gas 
in contact with the cylinder wall may have a temperature several hundred degrees 
lowet than the, highest temperature. , . , \ 


Turbulence, 


^ in an actual petrol .eigine,^ the explosive charge was quiescent prior to 
‘ ' i^tibn,; the time occupied by each explosion would be so great as to make tte 
high, -speed mtetnaleombus%nbngineimpraoti^^ ' ' 

eVet-mpreaBmg speedl therefore, attentkm has' been directed to thbrotJgh 


' . I* ' 

!■*' '(I ti', j; } 
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Turbulence ia caused by 

(1) The velocity of the gas through the inlet valve, particularly in the case of 
overhead valve engines, 

(2) By the shai3e of the cylinder head in the 
case of side valve engines. 

In the most turbulent form of combustion 
chamber for side valve engines it is arranged 
that the ascending piston swirls the explosive 
charge into a hemispherical chamber placed 
immediately above the valves (see Big. 317). 

In both cases the degree of turbulence is 
roughly proportional to gas speed; and therefore 
to engine speed.'** 

Secondary effects of turbulence, 

(1) Prof. Osborne Beynolds showed that heat flow is proportional to the 
velocity of the gas over the boundary surface. Hence’ turbulence increases the 
heat flow to the oyl|nder walls and in the limit may extinguish the flame, 

(2) Turbulence accelerates chemical action by intimate mixing of fuel and 
oxygen molecules. Ultimately the rate of pressure rise dp/d(Time) may be so 
great as to cause the crankshaft to spring and the rest of the engine to vibrate 
with high periodicity, thus producing what is known as a Rough engine. With 
a stiff cranlcshaft roughness is not experienced until dpjdO > 30 Ih. per sq. in. per 
degree of crank angle. 

(3) Turbulence allows the angle of ignition advance to be reduced, and there- 
fore weak mixtures — ^requiring a considerable time for combustion— may be 
burnt more satisfactorily. 



Shock-absorber cylinder head. 

Ricardo introduced this head with the object of obtaining a high rate of pres- 
sure rise without roughness. He reconciled 
these opposing conditions by burning the 


SPARKtNG PtUG 


pa 


charge in two stages, thus; 

About Id % of the total charge was isolated 
in chamber A, where it was burnt ih a stag- 
^ nant condition, the bulk of the , charge being ^ 
in a highly* turbulent state in chamber M 






!i 


i! 


PjStom 








rojsei yery, gradually ih A,- until the jagged 

; t It is Vescy iHt6hihatin$ to, remove the cylinder head fijofia a racing engine and mptor%he 
rotmh^: At 4(^00 if will be observed that the motion of the piston is too rapid 
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flame front issued from the orifice G and ignited the turbulent charge. This 7 
charge burnt so rapidly in B that the pressure rise was approximately 501b. j 
per sq. in. per degree of crankshaft angle. * j 

No roughness was experienced in spite of burning about 85 % of the total I 
charge at this extremely great rate. ^ 


The delay period. 

It has been found that the delay period of approximately 0*0015 sec. is affected 

by: ; 

(1) Mixture strength. 

(2) Temperature or pressure or both at the time of ignition. ' 

(3) The proportion of exhaust gas present. i 

(4) The fuel. \ 

(1) Mixture strength.* Mixture strength influences the temperature and j 
pressure developed by the chemical reaction, and the rate of burning. Weak , . 
mixtures like rich mixtures protract the delay period, but to a greater extent. ^ 
With a 10 % rich mixture, we have the greatest flame temperature and a delay i 
period of less thaii 0*00 1 6 sec. ; with weak mixtures the delay may be 0*0025 sec. j 

(2) Temperature and pressure. Both temperature and pressure increase | 

the rate of chemical action— the former through increasing the molecular velocity, I 
and the latter through decreasing the distance apart of the molecules. J 

(3) Proportion of residuals. The effect of residuals is to separate the fuel i 
and the oxygen molecules, and therefore to protract the delay period. Lowering 
the compression ratio, throttling the inlet, or obstructing the exhaust, therefore 
protract the delay 'period. 

(4) Fuel. Commercial fuels do not appear to affect the delay period. 


Engine speed. 

The Aelay period is independent of turbulence, and therefore independent of 
engine speed; but speed depends on the delay period, if the maximum explosion , 
pressure is to occur aWut T.D.o. 

Assuming aE, variables constant except engine speed, doubling the speed 
means that we must double the angle of advance for the maximum pressure tp 
be .reallsed at the same point in the stroke. ,, , / / 
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coiiibustioii eiigiiies; ycfc, in the main, the rewults oauiiot be relied lapori for estima- 
tion of tlie iionse-power developed. 

The insU’ument is far more valuable for indioatijig the events of the cycle, 
particularly the process of combustion, rather tlian giving quantitative results. 

Again, if the Qualitative results are to be of any value, we must facilitate the 
work of the indicator, as far as possible, by correct phasing; whereas for Quanti- 
tative values phasing is not our volition, the diagram must move in step with tlie 
piston. 

Now at the end of the stroke the piston is momentarily stationary, and so is 
the “In Phase” indicator diagram, and during this period the complicated and 
extremely rapid process of combustion is proceeding, which, on the “In Phase” 
diagram, appears as a straight vertical line. An indicator diagram phased for 
power computations therefore does not show the process of combustion. 



To demonstrate this the indicator card must move with its maximum velocity 
during combustion — a condition which is secured by driving the indicator by a 
crank 90® out of phase with the main crank. 

Examples of “In Phase” and “Out of Phase” diagrams are given in Fig. 319. 

The rate of flame propagation. 

■ The rate of flame propagation is alFected by the same variables as the delay 
period and in the same way. In addition turbulence, cylinder wall tempei’ature, 
and particularly the shape of the combustion chamber, exercise an iirfluence. 

' ^ For the eflect of turbulence see p. 620. 

ihe presence olthe relaiively cold blinder wall slow^ down' the Combustion ' 
in the yic^ty of the wall considerably, and, in this respect it is advantageous |o , 
; position tho sparking sdhhat tlie last gas to be btirnt it compassed against 

V''thb hot exhaust valve; ‘ 
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The influence of combustion chamber shape is to affect the rate of heat di&. 
bipatioii, so that in the hcmisphexica] form, where the ratio of volume to surface 
aiea is laige, the flame velocity will be high. 

Detonation or ‘ ‘ pinking ’ ’ . 

At present the amount of power that can be developed in the cylinder of a 
petrol engine is fixed by the liability of a fuel to detonate, i.e. just before the flame 
has completed its oouise across the combustion chamber the lemaining unburnt 
charge fires throughout its mass spontaneously witliout external assistance, 

Tho result is a tremendously rapid and local increase in pressure which sets up 
pressure waves that hit the cylinder walls with such violence that the walls emit 
a sound like a “ping”. It is this ping that manifests detonation. 

The region in which detonation occurs is farthest removed from the sparking 
plug, and is named the detonation zone, and even with severe detonation this 
zone is rarely more than one-quaiter the clearance volume. 

Process of detonation. 

After the passage of the spark there is a rise of temperature and pressure due 
to the combustion of the fuel ignited, and to a less extent by the upward motion 
of the piston. 

Both temperature and pressure combine to accelerate the velocity of the flame 
front in compressing the unburnt poition of tho charge in the detonation zone. 
Ultimately the temperature in tliis zone reaches such a high value that chemical 
reaction proceeds at a far greater rate than that at which the flame is advanemg. 

Hence we have combustion unaccompanied by flame, producing a very high 
rate of pressure rise. 

Ik 

Theory of detonation. 

The theory, due to Egerton, assumes that chemical action starts horn a 
number of centres of high energy where two particularly active fuel and oxygen 
molecules have combined. 

This compound molecule will collide with another molecule with which it will 
react and in this way produce another liighly active product. 

" Conditions a:fitecting detonation. 

The following conditions are considered as the most important in affeotmg 
detonation: 

(1 ) The temperature and pressure at the end of compression. 
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(3) Tho design of Iho combustion chamber. 

(4) The comprcbsion latio. 

(5) Engine speed. 

(C) Mixture strength. 

(7) Enel. 

(b) Ignition setting. 

Dealing with each in turn: 

(1) The effect of a liigh temperatuie and pressure at the end of compression is 
to elevate the temperature of the detonation zone. 

(2) For the same reason the combustion chamber wall temperature exerts a 
profound influence, as indicated by the liability of air-cooled engines to detonate 
more readily than water-cooled. 

(3) The design of the combustion chamber has a most important effect on the 
liability of an engine to detonate, since this controls: 

(a) The position of the sparking plug. 

(b) The position of the exhaust valve. 

(c) The position of pockets in which unburnt gas may be trapped. 

Dealing with each in turn, the position of the plug determines fche distance that 
the flame has to travel before reaching the detonation zone, and this in turn 
fixes the time that is available for the preliminary reactions to take place in the 
detonating charge, these preliminary reactions involving a delay peiiod as in a 
Diesel engine. 

The gi’eater the travel of the flame, then, the greater the liability to detonation. 

In the best form of cylinder head the sparking plug is placed centrally, hut thiji- 
involves the use of either twin camshafts or sleeve valves. m 

With such a compact arrangement in a hemispherical head there is a reductioriig, 
in the rate of heat transfer, and therefore a liability to detonate on this account, 
but this is masked by the reduction in the time available for the delay period 
in the detonation zone, which does not commence until after the flame front has 
advanced a fair distance from the plug. 

Small-bore cylinders and multiple plugs allow a higher compression ratio to 
be used without detonation, and can he run at higher speeds. Low-speed engines 
cannot stand the same compression ratio as high speed engines, because there 
is more time available for the detonating delay period. 

The presence of the hot exhaust valve in the detonation zone will promote 
detonation. 

For this reason the plug should he placed near the exhaust valve, so that 
the last portion of the charge to be buriMt is compressed against a cool surface. • 

On the other hand the rate of flame propagation is accelerated by compressing 
the gas against the exhaust valve (see p. 623), 

/lO 
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Any pocket in which nnburnt gas may collect should ho avoided. For this 
reason overliead valve engines are at an advantage over side valve anless a 
Ricardo head is fitted (see Fig. 318). 

(1) Altliough teniperatme is mainly responsible for detonation, ret in an 
internal combustion engine one cannot isolate temperature from pre^ssure, and 
since pressure is the more readily measurable quantity it was thorght, at one 
time, that detonation depended mainly on the highest compression pressure. 

ActuaDy detonation does not depend on the compression ratio in that it in- 
fluences compression pressure, but because it controls the amount of residual 
gas x^re^ent in the explosive mixture, and thereby the rate of chemical action, 
and the flame temperature (see p. 622). By sup])lying exhaust gas through the 
carburettor a detonating engine will cease to detonate. In the same way partly 
closing the throttle will increase the snppily of dilutents and arrest detonation. 

(5) Since turbulence decides the rate of flame propagation, it is evident that 
given sufficient turbulence in a small combustion chamber, the flame may pass 
across the chamber before the x>reliminary reactions in the detonating zone have 
had time to he completed. In such cireumstances, although detonation is absent, 
the engine may be very rough. 

(6) Mixture strength affects the delay period and the rate of flame propagation, 
and since both these exercise a fundamental influence on detonation, variation 
in mixture strength is bound to affect detonation also. 

The tendency to detonate is greatest with a mixture 20 % rich. By enriching 
the mixture the flame temperature is reduced more rapidly than by weakening; 
hence in motor racing and for assisting aeroplanes to “take off” rich mixtures 
are used for short periods. 

^ A rich mixture also increases the charge weight and keeps the valve and 
piston temperatures down, hut is responsible for rapid cylinder wear. 

^ (7) Detonation to a large extent depends upon the fuel employed; any fuel rich 
in paraffin is liable to it. On the other hand, coal tar products known as Aromatics 
(because of their aroma) are anti-detonators. Examples of these are benzene, 
toluene, xylene. Alcohol if free from water is probably the best fuel of all. 

Unfortunately both alcohol and benzol have lower calorific values than petrol; 
hence fuel consumption is increased by their use. 

Further objections to alcohol are that it is difficult to blend with petrol, 
especially in the presence of water. It attacks metals, particularly aluminiuin 
' alloys, and is difficult to store through being unstable. 

Popes. 

Mrdgely and Boyd found that the addition of small quantities of tetra-ethyl 
of lead « Pb( 08 H 5 ) 4 ), when mipted with ethylene dibromide to form a 
fluids, wijl suppresys detonation even when high compression ratios are employed. 

m 
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()iu‘ fkirt oJ tlii^' etliy] iliiid to *J(M) part.-> of [)C*lu)I is ill ifc-t anti kiioolv 

tendomy to an adifiiion of about ,‘U>% by volume of Ixuizul, but binh load i ou- 
coiitiMtious attack tiie exhaust \ <ilves in a veiy ei ratio nmniior. 

I'lio oifeotiv’eiiosb ot do})e, however, doereases witli llu‘ vohune oiujibycd, 
whereas benzol is equally ei loot ive , it all eoueenliations. 

^lost of the do[)o volatilises and passoa out ot the evltaust, so that lead dojiosi- 
turns 111 the cvlindcr <ire not horious. 

Tile aotion of do])e coiihiilcied due to ilio rtiabilily of lead }K‘rovi<le, l*b(h 
wliioli ictiiiircri coiihidci.ible onei^y to it up, and tlierefoid lesss oiieriv is 
av'ailaliie to continue llie i*a jiid eoinbiihtum. 

After reduction to 1 ^ 1)0 this oxide ls at liberty fco take up rinothor oxys^en 
luolefulo, in which form it can again break dowui another roaotioii chain. Ulti* 
iiidtely then Pb(02^3)i baves the engine as PbU, PbO^, Pb. 

Secondary effect of detonation. 

The violent pressui-e waves initiated by detonation cause the burning gases 
to rush over the combustion ’‘chamber walls, and thereby increase the rate ot 
heat transmission to the wall. This may cause local over -heating, especially of 
the sparking plug, which may reach a teiiqierature high enough to ignite the 
charge before the passage of spark; hence wc iiave pre-ignition. 

Oil the other hand, it is jiossible for pre-igiiition to precede detoiiallon should 
anything be present in the cylinder at a sufiicieutly high tciiipDrature it> ignite 
the mixture. 

Knock rating. 

The tendency of a fuel to detonate is measured by its knock rating, anti- 
detonators having a liigh knock rating. In early tests, Jiicardo’s variable com- 
pression engine was employed to determine the knock rating, the eompres'sion 
being raised until audible pinking occurred. The compression at which this 
occurred was known as the Highest useful compression ratio (H.tr.c.n). 

From wdiat has been said about detonation it in obvious that the reaidis 
obtained depend upon the engine used for the test. 

The modern method of testing fuels for knock rating is tliereforo to match tin* 
fuel under test against a standard one lunpared from two fuels, one (iso-oetano) 
of high aiiti-knoek rating, the other (heptane) of low rating.**- 

The proportions of these pure spirits are prepared to produce detonation under , 
the same conditions as the fuel under test, and the percentage of octane in this 

* Both heptane and octane are of the pare^n scries CftHgrt+g. 

“ Kept *’ is from the Greek moaning 7 , wheneo heptane w CyHjo. « 

“Oct ” is from Latin moaning 8 , whonco octane ssCaHig- , 

A nonnal octane has the carbon atoms arranged in a straight chain, whilst iso-oetane is 
a branched chain and has a lowor boiling point. 
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mixture is said to be the octane number or anti-knock measure of the fuel. Thus 
with 65 % octane the Imock rating is 65, pure octane being 100, although fuels 
are available with octane numbers in excess of 100. 

To reduce the expense of octane and heptane during actual tests, sub-standards 
using ethyl are often employed. 

The mixture strength is adjusted to the value which gives the most severe 
detonation— at about 5 % rich— and by trial and error a mixture is found which 
knocks as readily as the fuel on test. 

For repeatable results, jacket and intake temperatures must be maintained 
constant. 
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Effect of mixture strength on thermal eflficiency. 

(1) Reason for increase in thermal efficiency with weak mixtures, 
The improvement in efficiency that attends weakening the mixture is due to the 
decrease in flame temperature on account of the larger proportion of air to fuel 
This decrease in temperature involves a 
reduction in the mean volumetric heat 
and therefore a greater relative tem- 
perature ^ise for a given heat input. 

Smaller maximum temperature means 
smaller heat loss to the cylinder walls, 
and little or no dissociation; hence the 
thermal efficiency of engines operating 
on weak mixtures approaches that of 
the air standard. 



Actual Thermal 
Efficiency 


Chemically Correct 
Mixture Strength 


Weak 


•Mixture Strensth -->Rich 
Fig. 320. 



(2) The limiting mixture strength. In the interests of fuel economy we 
are vitally concerned with the wealcest mixture that may be used without burning 
the valves, erratic running or popping in the carburettor (for definition see 
below). 

When dealing with, the process of combustion it was shown that after the 
passage of a spark’,^othing visible happens at first, and then, with the nght 
mixture strength, a fl^e burst forth. 

How one can imagine fuel molecules being so scarce and so widely separated 

by inert nitrogen that their combined efforts will not be able to cope with the 
rate at which heat is berng lost to the cylinder walls, and as a result the flame 
die of cold during the hatching period. 

Xf this hypothesis is oq-i'rreot, the hotter the engine cylinder the less the rate of 
^oat transmission from* the gas to the cylinder, and therefore the weaker the 
fixture that may be b tont effectively. TflnB is correct, air-cooled engines will m 
the weakest ignitahle fixture, whilst the same mixture in water-cooled engines 
Wrtd bum SQ slowly thai^J oombustion would still be proceeding when the inbt 
opened, and as a relfcdt the explosive mixture in the induction 

i 

I 4 i 
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would 1)0 ignitecK rofeulting in whut la known as Popping back in the 
carburettor. 

When flames aie ]) 0 ])])mj^ out oi the cni*])urettor tin explosive ehar^o tannot 
ho passing into the engine, so that the engine will eoine to rest unle.sb I ho ]«>p]>ing 
can be f)revcnfed by fiufher advanec in the ignition setting or by eniielniig the 
inKtuie. 

(3) Engines which run on weak mixtures. Utlosi engines fail to operate 
on a mixture more than 15% weak, but by stratification it can be arranged 
that a neh mixture winch suirounds the plug is itself siuionudofl by a weak 
mixture. The rich mixtni’e is readily ignitable and acts as a ton'll to the w^euk. 
Stratification is most readily obtained by using sleeve valves fitted wifcli tan- 
gential ports that pitjduce an organised swirl sufficiently vigorous to persist 
throughout the compression stroke. During the indueiioii a rich mixture is first 
supplied so as to sweep over the plug points, and this is followed by tlie weak 
mixture. The temperature and turbulence created by the burning of the rich 
mixture being sufficient to ignite the weak. 

Without stratification only engines of excellent capacity for disposing of heat 
may bo relied on to work with weak mixtures without danger to the exhaust 
valves and possibly the pistons, although piston trouble is only likely to occur 
with air-cooled engines. 


Ex, Mixture strength in petrol engine. (B.Sc. 1030.) 

The percentage analysis by weight of a certain petrol is C, 83*2; H, 14'3; 0, 2*5. 
Calculate the mixture strength theoretically required for complete combustion of this 
fuel. ^ 1 

A series of trials were run on a petrol engine at full throttle and constant speed, the 
quantity of fuel supplied to the engine being varied by means of an adjustable needle 
valve fitted to the jet of the carburettor. The results obtained were as follows: 


Speed 


1570 

1672 

1687 

1569 

1672 

1663 

1500 

1572 

Brake torque, lb. per ft. 


94*6 



101*6 

102 0 

10 P2 

105*1 

104*0 

Fuel, lb, per mm. 

0 213 

0*221 



0*213 

0*25 

0*26 

0*272 

0 286 

Air, lb, por min. 

3*46 

3*45 

3*45 

3*46 

3*44 

3*43 

3*44 

3*44 

3*46 


Calorific value of fuel, 10,720 o.H.u. per lb, Find the mixture strengths for maximum 
B.H.P. and maximum thermal efficiency. 

Oxygen required per lb. of petrol 

»= 0"8S2x ^+0a43 X 8-0-020 = 3-338 lb. 

, Aiiiequiced per lb. of petiol = 3-338x^ = 14-33 lb. 


« « 




Mixture strength = 14’33 to 1. 

arxjyxir _ 2g 
33.000 “ 38,000 5250' 


% 

* 
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^ . B.n p. X 33,000 X 100 

Thermal efficiency on b.h.p. basis = ^77^7 : — ^ 

^ 1400 X Fuel per mm. x 10,720 


B H.P. 

4*55 X Fuel per min ’ 


Test number 


Plotting these values on a mixture strength base gives 12*6 to 1 and 15*7 to 1. 


MiXTUftE Strength 
Fig. 321. 


Ex. Petrol engine on weak mixture. (B.Sc. (External) 1932.)' 

Sketch typical indicator, diagrams for very weak mixtures, for mixtures giving 
maximum output, and for very strong mixtures, assuming that the ignition advance is 
constant. • 

A f6im«cylinder automobile engine of 3*5 ini bore and 4-5 in. stroke was tested at 
constot speed over the complete practical range of mixture strength. The speed, the 
brake^loads, and the fuehconsumption were, as follows; 


Test' nuifiber' 


' 2 

3 

4 


6 


^^Vdlutions mmuta,, ' 




38*2 38-3 





























Normal Mihtuke, 
Maximum Power 


Rich 

Mixture 
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If llio on^fine is to doxolop maximuni power the niixtiiro strength should he about 
1.) % nehei- tlian the ehomic.dly corri'et mixtiiiv. and the ignition should he adranoed 
a{> 1 fiat the peak [)rexsuro is devoloiiod ai about 12^ past 
die top dead centre. 

The effect of weakening or enriching i-he mixture is 
to protract the time, of (iombustion, and if the ignition 
is not aiivanccd, so that the peak pressure is developed 
)UHt over T,D 0 , then combustion will proceed during 
the expansioji stroke and there will he no marked peak 
owing to the rapid change of volume as the piston is 
accelerated on the outstrokc. 

A rich mixture is less sensitive to changes in the 
igmtion setting than a weak mixture, and the power is 
mamtained more constant; so that the indicator dia- 
gram shown in Fig. 322 results. 

A weak mixture takes longer to burn than a rich 
mixture, and the reduction in fuel reduces the power developed; hence the area o e 
indicator diagram is less than for a normal mixture. A considerable increase m ignition 
advance will make the rich mixture diagram almost coincident with the normal, but m 
the case of a weak mixture the peak pressure will be much less. 
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Fig. 322, 
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33,000xbhp. 

/. B.M E p. = tt: -Trr; 4572 


By (1) in (2), 


B M E P. = 


4 5 71x3*5^ o AT N 

X — i — x2xJV^ 

12 4 


4572 X Torque _ Torque lb ft 
5255 ” 1148 

Computations 


...( 2 ) 


.. .(3) 


Test 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Toi que 

B W E P. 

BH.P. 

Fuel, lb B H p hi. 

114 6 
100 0 
32 93 

0 735 

114 8 
100 0 
32 75 

0 727 

116 2 
100 3 
33 08 

0 701 

115 3 
100 3 
33 09 

0 689 

115 3 
100 3 
33 09 

0 665 

115 3 
100 3 
33 09 

0 647 

113 7 
99 1 
32 66 

0 6185 

108 0 
991 
307 

0 613 

99 6 
86 7 
28 6b 

0 621 


Explanation of the fuel consumption loop. 

A petrol engine, in reasonable condition, should have a specific fuel consump' 
tion of about half a pound per b.h.p, hour, in this particular case it exceeds 0*6, 
and for tests 1 to 6, i.e. the portion AB of the curve, the specific fuel consumption 
is considerably in excess of 0*6 without producing any increase in E m.e p The 
reason for this is that possibly all the air is consumed and surplus fuel wasted 
The slight improvement in b.m je p. that attends mixtures up to 15 % rich is 
due mamly to the improved volumetric efficiency that attends a reduction in 
intake temperature in consequence of the larger quantity of petrol evaporated, 
Prom JBto G the mixture strength is weakened with a reduction in b.m.e.p., 
but no appreciable increase in specific fuel consumption for the reasons given on 
p, 628, Beyond about 15 % weak it is not possible to burn the mixture in an 
engine of normal design, so the curve ABG would rise rapidly from (7, even with 
the ignition very advanced. 


Ex. Fuel consumption loops. 


(B.Sc. 1939) 


Peseribe, with the aid of a curve showing the variation of fuel consumption per horse- 
power per hour with mean effective pressure, how the combustion m a petrol engme is 
affected by variations in mixture strength, with constant throttle opening. 

Also sketch on the same diagram other curves for different settings of the throttle, 
and hence derive a curve showing the variation of fuel consumption with brake mean 
effective pressure, with variable throttle, the carburettor being set for maximum output 
For a description of a single fuel consumption loop see the previous example. 
Oomparmg the loop of a multi-cylinder engine with that obtained for a sm^e-cylindec 
engine it will be seen that there is hardly a straight portion, so that the arr-fuel range 
is very restricted if economy is aimed at. This is due to the poor distribution of the 
fuel in the engine manifold. 

Closing the throttle reduces the power developed and the charge weight of esploave 
mhstw, and mcreases the proportion of residuals. The effect is to retard combustion, 
and, to ma^taiu reasonable thermal efficiency and a cool engine, the ignition must he 
. as th,e throttle is closed. 
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E\tu with iidvaiK ignition, wc.ilvcnm" the mixliiio, an iiwlioat-ed hv a- leiluction 
HI B M 1 p , cnises a- lapjd inciciisp m sfxHiht iuel lonsumfdion becviuhe of impeifect 
combustion, particuUily at small tluotlle opeiunijs wheio the piopoitiou ot lesidiuils 
t \h«mst j>cis IS high 

When the throttle iiid mixture sticuigth me inaiiged tor mfiximum power the 
B M r p IS a inaxiniiim This value maj be obt uued by diawms; vortical laugeiits to 
the consumption loops A fice cuive thiougb the taiigcnt points conneets the B ar 
and hiake specific fuel consumption ioi powot, whilst the tliiottle opemmi. 

IS indu ated, to some suit, by the b.m n p. 



Ex. Calorific value of air. Air thermal efficiency of internal combustion engine. 

(London B Sr 1933 ) 

In reckoning the thermal efficiency of an internal combustion engme*frora the air 
consumption, what is meant by the calorific value of 1 lb. of air^ 

Calculate the thermal efficiency of a petrol engine which developed 32 i,h*p using 
196 lb per hr. of air. The hquid ftiel may be assumed heptane, and the fuel/air 
ratio assumed to have been correct. 

The effective heating value of heptane lower calorific value = 10,776 0.H n. 

When a petrol engme works on rich mixtures the thermal efficiency of the engine 
(when reckoned on the fuel consumption) progressively falls with an increase of richness , 
because insufficient air is present to bum the whole of the fuel supplied. 

Now richness is not due to the combustion chamber, but to imperfect carburalion, ^ 
or (in the case of multi-cylindered engines) to a combination of imperfect carburation 
and distribution.’*' 

With a view to detaching the performance of the combustion chamber from the 
imperfections of distribution, Bioardo computed the thermal efficiency from the air 

* S. Q, Davies, **Au experimental investigation into mduetion conditions distribution 

and turbulence in petrol engmes”, Pmo. XmU Mecfe. JBng> vol, oxx* p. 3. 
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consumption, since on account of its small density, air distribution is more perfect than 
fuel distribution. 

Eicardo considered air was burnt in tbe presence of pure heptane (because this hquid 
as regards behaviour and molecular weight is similar to an average petrol) to CO and 
HgO, and that the heat evolved was due to a weight of heptane which would just proWe 
these products from 1 lb. of air. 

Under these conditions the heat evolved per cubic foot of ex- I 

plosive mixture at n.t p. was 57-6 C.H.U., and this can be considered 
the calorific value of a cubic foot of air, because the volume 
occupied by the heptane vapour is negligible. 

-f- IIO 2 = 7 CO 2 + 8 H 2 O + 10,775 X 100. 

7x13+10 11x32 

I I I I 


100 352 

Weight of air per lb. of heptane = ^ x ^ = 15-3 lb. 


c.v. per Ib. of air 


10,775 

16-3 

705 


= 705 O.H,TJ. 






6as- 


•tAir 


O.v, per ou. ft. at n.t.p. == = 57*3 c.h.tj. „ . 

^ 12'39 Fig. 326. Air burn. 

„ . • 1 4 . f ^ u 33,000x32x60 ^ in an atmo- 

Heat equivalent of work done per hour . sphere of gss. 

Thermal efficiency - x 32 x 60 _ 

ibermal emciency - ii 0 b x l96 x 706 - 


£0ect of size and speed on the thermal economy of a petrol engine. 

In geometrically similar cylinders the surface/volume ratio of the combustion 
chamber decreases with an increase of cylinder bore* If other conditions remain 
the same, then large engines should have higher thermal efficiencies than small 
engines. » 

With small high-speed engines the reduction in heat loss that attends speed is 
offset by'the increased loss due to turbulence, the valve timing in each case being 
suitable for the speed. 

I ' ' ' 

t \ ‘ ‘ ' * I 

Ignition timing * 

' ' ‘ ' ; The Ignition should be set so thaf the pqwer developed by the engine, lot a giten* 

f: . > ; ^ throttle opeiiingj is a maximhm- If the engine is driving a dynamo, this can easily 
" l^e adjustedlEom the, wattmeter readings., Usually, however, petrol enginieshfe, 
ntotehinlbvedbnsiatibnarrworlci'.aud IntbfiftbaAiifiAAfiTi'nrA Alabomteecniinment; 
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The angle of advance depends on: 

(1) The compression ratio. Wii-h liigh com [sessions the fuel fires so readily 
that the advance may be small. 

(2) The speed of the eiighio. From the notes on the process of combustion on 
]). G20 it was shown that a dehiiite time is required to l>urii a charge. With high- 
speed engines, then, we must advance the spark sufficiently to provide this time. 

(3) Mixture strength. Weakening or enriching the mixture proti’aets the 
]icriod of combustion, so accordingly the spark must ho advanced 

In some petrol engines the ignition is controlled automatically for speed by a 
governor, and for mixture strength by a diaphragm that is in communication 
with the induction pipe. The effect of advance is far less pronounced on a rich 
mixture than on a weak one, the engine being too asphyxiated to appreciate it. 
Delightfully smooth-running engines are usually those which have a mixture 
strength far too rich. 

Experience has shown that optimum ignition advance is when the maximum 
pressure occurs about 12*^ of crank angle after t.d.c. In the region of optimum 
advance, however, the power curve having' gone to a maximum, its slope dPjdf) 
is small; hence considerable changes in crank angle 6^ at which the maximum 
pressure is developed, will not affect P appreciably. 

Advantage of high compression. 

Provided an engine is of correct design, and a fuel could be obtained that would 
not detonate or pre-ignite, it would appear that the higher the compression ratio 
the better, because: 

(ff) The A.s.E. is increased, and to a greater extent the actual thermal efficiency, 

(6) The charge weight, and therefore the pow'er developed, is slightly increased. 

(c) High compression, by the increased temperature and pressure produced, 
but mainly by the reduction in the quantity of residuals, increases the rate of 
combustion; hence higher speed is possible, and weaker mixtures may be burnt. 

At compression ratios above 8 or 9 to 1, however, the danger of pre-ignition 
becomes serious, so that evenin the absezice of detonation there is little value from 
the point of view of fuel economy in using fuels of octane number greater than 9o. 

With high compressions the percentage clearance is of necessity small, and 
therefore a small change in linear dimensions has a pronounced effect on the per- 
centage clearance, and therefore the power developed per cylinder. Hence it is 
customary to machine the cylinder heads of high-compression engines as well as* 
the, bores, and thereby obtain tolerably good balance of power and torque per 
cylinder.' ■ ' , , ' 

Ex. Opmpreseto fntlo. Petrol engine. CB.Sc. 19^.) 

What arn^e skvankges gaineid theoreticafiy by 'increasing the compression ratio 
of a pb^roi-engiu^i %t«! diffio#ies are likely to he encounter^ in doing so ? 
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The following results were obtained from a set of trials at full thiottle on a singk 
cylinder four-stroke petrol engine of 4*5 in. bore and 8*0 in. stroke, in which the speed 
was kept constant at 1600 r.p.m. and the compression ratio varied Calorific value of 
fuel 10,800 O.H.II. per lb. 

Plot cuives of i.M E p. and thermal efficiency on a compression ratio base, and calculate 
the air standard efficiency for any one compression ratio. 


Compiossion latio 

Fuel per minute, lb. 

Brake torque, lb. jjer ft. 

Fi 1 C fcionandpumpmgtorqi le, lb. per ft . 

3S 

0 249 
82 5 

12 5 

42 

0 248 
88 2 

12 8 

4-6 

0 247 
93 3 

13 2 

50 

0 246 
97 2 
13-5 

64 

0 245 
1001 
13-9 

68 

0 245 
1026 
142 

CompvtaUons 


Torque equivalent of i.h.p. 

96 0 

101-0 

106-6 

110-7 

114 0 

116 

I.M.E.P. 

112-5 

120-0 

126-6 

131-6 

136 2 

1406 

Indicated thermal efficiency 

23 7 

26-4 

2(^-8 

27-5 

29-0 

29-7 



tM.T. - torqne » 

33,OOOxi.h.p. 

3p00 • • • 1606 “ 

IgX— 



$3,00 0 X 100 Indicated torque 

iu4» per rain* 1400 x 10,800 P602 x i^el, lb. per tnin. * 





(^omhuHtion Ihujims G37 

Dissipation of lieat from ti petrol engine. 

Ilc'cit to tlio e\tent jf about. (iO % of the u.u.P (level()[)ecl must be ciissipat ed 
till ongh the cylinder alls, and in general this is efteeted by one oft lii’ce metkotts: 
air cooling, water cooling, and evaporative cooling. 

(1) Air cooling. In this method the eyhiider is finned, partieulaily iieavily 
neaj the exhaust, with the object of ])ro\ Jiliiig additional sin taee to cuni])eiis<ite 
tor the ]toor conductive jiropeities of <iij'. Kveu tinned evliiicleis run cousidtHabiy 
liottcr than water-cooled oylnulois, and their lestnctcd surface loijuiies a 
higher air s])eed tlian in the oaso ot a \\ater-cool(‘d engine uith a honeyeomb 
radiator. 

Tlio lightness and simjilieity of air-cooled cylindeis commend them for light 
duty on motor cycles or high-speed aeroplanes, where the proiision of suitable 
cowling causes the direct air-cooled system to impose a smaller drag on the 
machine than a honeycomb radiator. 

Where a large amount of heat has to be dissijiated it is not uncommon to find 
that the finned cylinder heads are made of aluminium bronze, which is thickened 
in the region of the exhaust valve, sparking plug, and detonating zone, and a 
current of air is so directed as to impinge on these areas. 

The high engine temperature reduces the volumetric* efficiency of an air-cooled 
engine, and also the compression ratio that may be employed, unless specicil 
fuel is used, but it has the compensating advantage that the engine will run on 
weaker mixtures. 

(2) Water cooling* The superior conductive and convective properties of 
water enable the fins on an air-cooled engine to be replaced by a cast or piossed 
water jacket, and although this results in a reduction in surlace available for 
heat dissipation, yet the engine runs cooler tlian an air-coolcd engine. 

On aeroplanes and motor oars, of course, the heat must eventually be removed 
by air, but this is conveniently etfected by a radiator, the surface of wliioh, unlike 
that of the cylinder, may be adjusted to suit the air velocity and the desired rate 
of heat dissipation. 

The provision of a radiator of course imposes extra air resistance on tlio vehicle, 
so that in the case of high-speed aeroplanes the fuselage and wings are often 
used to dissipate heat. 

The maximum allowable temperature in a radiator is C. below boiling point, 
and the suitability of a radiator is defined as the ratio of the greatest permissible 
temperature difference to the observed temperature difference. ^ 

Short tube radiators, inclined in the same way as the dummy radiators of 
modern cars, provide the most effective heat dissipation for a given surface area. 

(3) Evaporative cooling. Advantage may be taken of the high latent heat of 
water by allowing it to evaporate in the cylinder jackets. If the steam forme<i^is 
at a pressure above atmospherlo, the temperature will be considerably above tho 
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])eimibbible teinpeiaturo in tlie ladiator of a w ator-uooiccl engine, and tlierefoie 
the surface lequiied for condensing tjie &ieani is less tuan that requiied in the I 
conventioiidl ladiatoi , and the weight of water in circulation need only be about I 
40 % of that normally employed. I 

Tlio leakage of steam fiotu a punctured radiator is less seiious than that of 
water, and by separating the jackets, wliich aie viitually steam boilers, from the * 
condenser, the engine retains its heat longer when the power is cut off These two 
qualities are advantageous on aircraft , but of course, altho ugh the higher cylindei ‘ 
Mall temperature reduces piston liiction, yet it also reduces the volumetiio « 
efficiency of the engine, and nialies it more liable to detonation. 

The use of glycerine, or ethylene glycol, permits of a higher boiling point than * 
with water and a loMcr freezing point, the pressures being atmospheric. Hence 
a smaller radiator may bo employed, and the power to circulate these fluids k 
less than with water. This, combined with the reduced drag on the radiatoi 
m ay offset the reduction m ] lower consequent on the reduced volumetric efnciencT 
of the engine. 


Supercharging petrol engines. 


For racing, petrol engines are classified according to their capacity, and years 
ago it occurred to racing men that, by artificially raising the barometric pressuie, 
they could develop more power from an engine of given capacity, and that falling 
off of power with speed could be partly avoided by placing a blower in senes 
with the carburettor. 

The greater amount of turbulence, and better mixing of the fuel and ah, allow 
the engine to run more smoothly. The oil from the supercharger reduces cylindei 
wear, and the blower acts as an efficient air silencer. 

The improved scavenging and higher compression which attend the use of 
blowers, together with the higher intake temperature (in consequence of the 
inefficiency of the blower), tend to induce detonation which imposes a definite 
limit on the degree of boost. 

Only engines which have an excellent capacity for disposing of heat should be 
considered as suitable for supercharging. The pistons should be thick in the region 
of the rings, and sometimes it is desirable to hollow out the exhaust valve and 
sometimes the inlet valve, and fill them with sodium, which, by evaporation, 
removes heat from the valve head and transfers it to the stem. 

A moohanicafiy driven supercharger is likely to set up torsional oscillations in 
the crankshaft, whilst exhaust turbine blowers cannot work successfully with 
-gas temperatures in excess of 1000° F., nor can they give the boost until they^ 
have received a gulp of exhaust gas. In spite of the disadvantages meohanioally 
driven superchargers are fitted on more and more aeroplanes, especially military 
machines vdfioh have to operate at a high ceiling ” . 

On aircraft the turbo compressor is universally employed, in spite of its yerj 
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EXAMPLJ5h 

1. Royal Automobile Club rating. 

What IS tho boro of a four-cylinder Morn* Oxfoid engine it the R.A 0. rating is 
13*9 H.r. Am. 75 mm 

" (BSc. Pait 1,11)39,) 

2. ncboiibe, with the help of a sketch, a two-stroke pctiol engine. Sketch the indn at oi 
(liagiam ot such an engine, and discuss the advaiita^^es and disadvaniageh ot the lour- 
fetioke cycle of operations, 

3. Ideal explosion pressure. 

A petrol engine receives a charge, 15 of air to I of petiol by weight, at 15 lb. por .'?q in 
and. 95" C. at the end of the suction stioko. The compression ratio is (> to I and the nidev 
of compression 1*3, 

If the calorifio value of the fuel is 10,6(10 (M£,u, per lb., and the spccilic heat of the 
pioducts, at consta^ volume, is given by 

(; = 0*172 + 12 xl0~»T, 

whore T is the absolute temperature ol the pioducts in degrees Centigrade, determine 
tho ideal explosion prcssuie, 

4. Obtain an expression for the air standard efficiency of an engme working on the 
Otto cycle in terms of the compression latio r, and y the ratio of the specific heat of air. 

Use this expression to determine which is tho more economical petrol to employ; that^ 
costing Is. 3d. per gallon which will permit a comiiression ratio of 6 to I w ithout detona- 
tion, or that costing Is. 7d. which will permit a compression ratio of 7*5 to I under the* 
same conditions. The caJonfio value of both petrols may be taken lUs the same. 

If the coefficient of volumetric expansion of peti'ol is 0*00124 per “ C„ and between 
summer and winter the temperature of the fuel changes by 20’ C., show' that in summer 
fuel costs, reckoned on a mass basis, are increased by almost 21 %. * 

An$, The cheaper. 
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5. Motor car on coal gas. 

It is proposed to run a litre four-cylinder motor car engine on coa gas by th 
provision of a cylindrical container 2 ft. diameter by 3 ft. long. The container is to 
be charged by two of the engine cylindeis, the compression ratio of which is 5 to 1, and 
the law of compression = c. ’ 

If the initial temperature of the gas is 15° C., and after entering the container is 
100° 0., the initial pressure is 15 3b. per sq. in., and the calorific value of the gas is 
600 B.T.n. per cu. ft., when free, determine the distance which the car will run on a 
charge of coal gas, if, using petrol having a calorific value of 19,000 b.t.tj. per lb 
and specific gravity 0*74, it will run 30 miles on one gallon. 

You may assume the same thermal efficiency for gas and petrol. What would be 
the most efiPective change to make on the engine to improve this performance ^ 

Ans. 6-28 miles; increase the compression ratio. 

6. Volumetric efficiency. 

Show why the volumetric efficiency of a petrol engine is reckoned on the charge being 
in the n.t.p, condition. How should it be obtained for a high-speed engine so that the 
effect of throttle opening may be observed? 

7. In what way does the volumetric efficiency of an engine limit its output, and what 
steps are taken with high performance engines to improve this efficiency? 

8. Determine the volumetric efficiency of a four-cylinder four-stroke petrol engine 
76 mm. bore, 102 mm. stroke, if, at 3000 r.p.m., it consumed 6 lb. of air per min. 

Ans. .764%. 

9 . Combustion of fuels in internal combustion engines . (B.Sc. 1932.) 

Write a short essay on either The process of combustion in petrol engines, especially 
as regards the conditions governing the liability of various fuels to detonation, or 
The process of combustion in airless injection engines burning heavy oil, giving the 
chief differences between the characteristics of these engines and those of petrol engines. 

10. Delouatiou, (B.Se. 1931.) 

What do you understand by detonation in an internal combustion engine? 

Write a short note on the limitations which detonation imposes on efficiency and 
mention modern methods in use for preventing detonation, # 

11. Dope. (B.Sc.1939.) 

Discuss the effect of the addition of (a) octane, (6) cetane, to a liquid fuel upon the 

nature of the process of combustion in an engine, illustrating your remarks by means 
of cylinder pressure diagrams. 

Explain how these effects are utilised in the classification of liquid fuels for engines. 

^ (B.So. 1940.) 

12. What do you understand about the terms “pre-ignition^’ and “detonation”? 
Sketch indicator diagrams to iHusirate their effect. 

Discuss briefly the factors which influence the tendency of an engine to detonate, 
theory is generally accepted to account for the effectiveness of certain sab- 
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13. In \\ li.tt t\ po ot mtcinal < oinlnistiuii eiujfinc is turbulence most desirable, arnl what 
< omiai \ eflcets ai(’ protltu ed b\ it ^ Skel ch .i t;v pc of cylinder liead winch w de^iuned 

to fontiol tlie flc^rec ot tuibiilcnce, .ind one fit tlie secondary effects. 

What IS meant by the delay peiiod, and what aic the iactora which inHuonce this in 
a })<diol engine { 

14. Show that the desinn of tlic cylinder head and the eonatitiition of the fuel have a 
inaiked effect on the ma\iumni power that inaj be d<‘\ eloped by a jietiol enirine of 
m\cn capacity. 

15. What IS meant by “doped” petrol, and how the effect ivcneBs of <lope lucasiu'ed ^ 
To what IS the action ot a dope considered due? 

16. Variable specific heat and dissociation. (B.Sc. (External) U)33.) 

vShow that the efficiency of an engine working on the Otto cycle with “.standard air ” 
ibl-(l/r)y-i. 

What assumptions are made in deriving this expression, and what are its drawbacks 
as an ideal standard of performance? 

Recent work has produced, for “carburettor” engines, a standard curve of per- 
formance in which mixture strength, dissociation, and variable specific heat are taken 
into account. Discuss the reasoning upon which this curve is based. 

17. Effect of variable specific heats and dissociation pv diagram. (B.Se, 1935.) 

Derive an expression for the thermal efficiency of an engine working on the Otto cycle 
using “standard air”, 

ytate the assumptions involved in this “air standard cycle”. 

Show, by sketches, how the pressure volume diagram of this cycle is modified (n) by 
variation of the specific heats of the gases with temperature, (6) dissociation with re- 
association. 

Mention other conditions met in actual engines which cause a further modification 
to the indicator diagram. 

18. Petrol engine temperature. {B.ye. 1923.) 

The cylinders of a petrol motor have a stroke and bore 120 and 90 mm, respectively 
and a compression ratio of 4*4. The inlet valve is shut at 0*05 stroke and the temperature 
and pressure of the charge is then 13*5 lb. per sq. in. and 85® C. The exhaust valve opens 
at 0*85 stroke and the pressure at this point is indicated as 51 lb. per sq, in. Assuming 
a molecular contraction of 2 %, find the temperature of the cylinder contents at the 
opening of the exhaust valve, and estimate the heat discharged in the exhaust per 
minute if the motor has four cylinders and is running at 1000 r.p.rn , Take a mean specific 
heat of 0*24, u4«s. 997® G. ; 728 c.H,u. above 15® 0. 

19. Air standard efifidency and effect of mixture strength on indicator diagrams. 

(B.Se. 1929.) 

Prove that the efficiency of an ideal Otto cycle using “standard air” is 1 -{l/r)r-^, 
where r is the ratio of compression and expanrion and y the ratio of the specific heats |i.t 
constant pressure and constant volume, . 

State the assumptions made in deriving this expression, and discuss their validity. 

41 ^ 
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Show, with the aid of sketches, how the indicator diagrams obtained from an engine 
working on this cycle with fixed igmtion are modified as the air to fuel ratio is increased ^ 

Discuss these changes in the form of diagrams. ' J 

I 

20. Calorific value of air. (B.So, 1940 ) ^ 

Explain the term ^‘calorific value of air’’, and find this value when air is burnt ^ 
with octane j CgHig, given that the lower calorific value of octane is 10,740 o.H.n I 
per Ih. 

At a certain compression ratio and at correct mixture strength, the ideal thermal 
efiioiency of a four-cycle petrol engine is 40% and the relative efficiency is 86%. \ 
Assuming a mechanical efficiency of 90 % , and that the volumetric efficiency relative ! 
to air at N t.p. is 68 %, estimate the swept volume of a cylmder which will develop f 
50 B.H.P. at a speed of 2400 r,p.m. Air contains 21% of oxygen by volume. I 

Ans, 705 o.H.n. per lb.; 0-0821 cu. ft, ; 

21 . Aeroplane engines at altitude. (B.So. 1929.) 

The power developed by an aircraft engine falls off with altitude. What methods are | 
proposed to render this reduction as small as possible? 

Discuss these methods with reference to altitude, reliability and length of flight 
without re-fuelling. 

22. Aeroplane engines. (B.So. 1924.) 

A six-cylinder petrol engine 100 mm. diameter and 100 mm. stroke rurnimg at 
1500 r.p.m. used a mixture of air to petrol by weight of 13-5 to 1, Assuming that the 
air drawn into the cylinder per stroke and measured at atmospheric pressure and 80° C. 
is equal to J of the swept volume, and that the thermal efficiency of the engine is 22 %, 
find the power developed at ground level where the barometer reads 30 in. Hg. The 
calorific value of petrol ~ 9000 o.H,tr. per lb. 

What would be the power developed at an altitude of 5000 ft. ? A drop of 1 in. Ig 
may be assumed for each 900 ft, rise in altitude. Am. 42-4 and 34*5 H.P, 

,23. Disouas, from every aspect, the methods in use for cooling aeroplane engines. > 

24. Describe the different types of superchargers, and their application to aerdplam 
engines and marine oil engines. Give, with reasons^ ithe best arrangement for a partioiik 
application, 
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CAIiBUKETTOES AND CAEBUBATION 

The function of a earl)ui‘ett(jr is to supply to the cylinder a mixture of finely 
divided petrol and air, the proportions of which, by weight, should be invariable, 
regardless of service conditions, baroinotric pressure or speed. 

In the design of carburettors for antomo])iles four major diffi(julties occur; 

(1) jPor a gradually increasing pressui’c difference over the jet the weight of 
petrol discharged from a single jet increases at a gj'cater rate than does the air 
supply; hence a carburettor of this type, when set to give a correct mixture at 
low* air speeds, will give a progi'essively rich mixture as the air speed is increased. 

(2) To ensure rapid and complete combustion it is important that the fuel 
should be finely divided, and mixed intimately with the air supply. 

The incidental advantages that attend complete atomisation are: 

(а) A low intake temperature results from evaporation of the more volatile 
constituents at the temperature and pressure prevailing in the engine manifold. 

(б) In multi-cylinder engines, supplied from a single carburettor, atomisation 
reduces the inertia of the petrol droplets, and therefore improves the uniformity 
of the mixture supplied to the respective cylinders. 

(3) There is some difficulty in making the operation of a carburettor entirely 
automatic without the introduction of moving or delicate parts that are liable 
to derangement. 

(4) For starting, and accelerating, a rich mixture must be supplied momentarily, 
but the supply should automatically assume correct mixture strength when the 
engine attains the desired speed. 


Approximate theory to account for the enriching of the petrol air mixture 
with increased air speeds. 

Referring to Fig. 327, consider the flow of air past sections (1) and (2), thus; 
By Bernoulli’s theorem, p. 319, 




.( 1 ) 


Pi '^9 Pt % 

where is the feet head of air lost in friction between sections (1) and (2). 

For continuity of flow ' » ^ a 

where Ai and are the areas, measured normal to Ti,and 

For the small depressions of pressure produced by the choke Pg, and 
wdn be atmospheric, if the, carburettor draw^s air directly from the atmosphere. 

I'l', . ' , ....*^(2) 

.'ll ” ‘ 




' 4T-«. ^ 
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Since section (1) is taken outside the entrance to the choke, 
3 ompared with A^, whence AJA^^ is approximately zero. 

The friction loss with high velocity air varies as V^l2g. 




- Pi -* 



Tig, 327. 


Hence (3) becomes [1 - 

the mass of air flowing per second is W and ^ 

where O^ is the 'coefficient of discharge |bx choke, 

'■ ' ^ .!F,7=i \OJ^plip^rP!i)il~'K). 










Infernal Combustmi Engines 


645 


Jh^ 

Pi 


(see p. 10). 


W = A,0^j2g-^{p,-p,){}-K). 


■m 


Tlie^ 
dividf 

rega’ • ■•‘'-‘i 

I^i?etrol being a fluid, in common with aii*, the same syinbolH will apply, but 
ky will have diiferent numerical values, thus: 
pr Applying Bernoulli’s theorem to the static level of the petrol and section 2, 

Pi p^ t T 

P P ^ ^ 


.:.V,^j2g[ 

The mass flowing per second is 
By (8) in (9), 


Pi-P^ 


■h 


^hj . 




w==a^caj2gp^ 


Pi-P2 




In small jets hf will vary as the velocity, i.e. 


hf^kj2gi 


By (11) in (10), 




( 8 ) 

(9) 

( 10 ) 

( 11 ) 




wssajC,) 

The air petrol ratio is defined as the Mixture strength and is 


W _A^Oi 


2gfp8 


Removing the constants in this equation, and taking Ap as the pressure differ- 
ence (Pi--p 2 \ 

w n r ^ A^fi ^tr\ . 

(125) 


— oc— 
w % 


/ 

PiAp(l-K) ■ 

/ P’2’1 

IP ^ P} 


In thib equatiqn %, ,the coelScient of discharge of the jet, is very sensible to 


(«?() 5?hediame^t.d of thejet. - 

I^engthofojiflcfe' I i, ' .. 

; ' , ; :r / r s;. - 
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(c) The amount of cliamfeimg at the jet entrance. 

(d) The Tisoobity of the fuel. 

(e) The pretssuie difference over the jet. 

A sharp-edged oiifice is the ideal for maintaimng constant, hut it cannot bp 
empJoyed for jets, because it would make them difficult to nianufaotuie i\ith 
precision, and very liable to damage in practice. 

Because the compresdbility of the air allovs it to follow the contour of the 
Venturi, regardless of the entry of fuel or of changes in j)ressure or temperatuie 
the coefficient of discharge for air remains faiily constant between 0* 83 and 0‘8S 
and compaied with a considerablt^ variation m of the jet. 

Further, since the differences under the radical in (12) are normally not small, 
the effect of friction on the ratio vnll be small compared with the variation in c,j. 
For low speeds, however, the effect of fiiction will be very pronounced, and 


/dp 

ultimately, when 



dp . 


h-AJ-^ih zero, no petrol will flow. If therefore the jet 


is to give a discharge at low air speeds it follows from this and variation m that 
the discharge will be excessive at high air speeds. 

Practical methods of obtaining constant mixture strength at all air 
speeds. 

(1) Variation in area of the petrol orifice. In this method of control a 
tapered needle is used to partly obstruct the jet, the annular area for the flow of 
petrol being under either manual or automatic control. 

In the S.XJ. carburettor, illustrated in Fig. 328 by kind permission of the S U. 
Carburettor Co, Ltd., the needle is attached to a piston the dead weight of which 
is overcome by the pressure difference existing across the choke which is formed 
by a cylindrical extension of the piston or suction disc indicated in Fig. 328, 

Any momentary increase in the pressure difference lifts the piston, and thereby 
increases the area for the flow of both petrol and air, whilst the velocity of these 
fluids remains sensibly constant. Because of the change in the shape of the air 
orifice the increase in air flow is not directly proportional to the increase in area, 
and on this account a simple tapered needle cannot be employed to maintain the 
mixture strength constant. 

Lack of concentricity of the needle in the jet has also an influence on the dis- 
charge of petrol. 

The main advantages of this carburettor are: 

'' (a) Large area for the flow of air at full throttle, and therefore high volumetric 
efficienoy of the engine, 

(6) A fairly uniform distribution of petrol because of the suction caused on the 
^e** of the needle. 

Bimplicity and cheapness. 

TlheBavotey compound jet system. To prevent excessive richness at 
•Mlibr^le openings Baverey used two jets (see Fig, 329). The main jet, which, 

' f 
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ia a single jet carburettor would be too small to give a chemically correct mixture 
even at the highest air speeds, and the compensating jet that takes its petrol from 
a well which is supplied by a metering jet, the flow through this jet being produced 
by the static head in the float chamber; hence the discharge rate of this jet is 
approximately constant. 

Now increased air speed, whilst it does not affect the discharge of the metering 
jet, does affect the air flow, and therefore the mixture strength (calculated on the 
discharge from the compensating jet) progressively weakens with increased air 
speed, whilst the mixture strength due to the main jet becomes richer. By a 
correct choice of jet sizes and using submerged jets that are less sensitive to 
changes in it is therefore possible to make the increased air to fuel ratio of the 
compensating jet offset the reduced air to fuel ratio of the main jet over a wide 
range of air speed. 

( 3 ) Diffuser or shrouded j ets . A limited measure of compensation is afforded 
by surrounding the main jet with three concentric tubes (see Fig. 330). 

The inner tube, known as the diffuser or depres- 
sion tube, is pierced with holes at intervals along 
its length, and these holes communicate with an 
annular chamber that is itself in communication 
with the atmosphere. 

The emulsion holes are arranged to be near the 
throat of the choke tube (see Fig. 327), so that 
depression of pressure produced by the choke 
causes a mixture of petrol and air to issue from the 
emulsion holes, 

The more intense the pressure difference the 
lower will the petrol level fall in annulus (2) and 
the greater the aeration of the petrol. 

Aeratipn, in itself, will not appreciably affect 
the mixture strength, hut, by changing the pressure 
(ffierende over the main jet, it will control the 
discharge ffopl this jet and therefore effect com- 
pensation in this way. 

. Atumisation of the fuel* In most carburettors 
,the velocity ol the air is relie<I upon to produce the 
,di9sired, degree of atomisation, but, in carburettors 
;fltt 0 d with a choke of constant hrea, tMs 'ia Uot 
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(Ji.stribuimg the fuel horizontally. As in the dilfuaer type of carburettor, however, 
unleas the air speed in the manifold '• is high, the drops will coalesce. 

Eadial aero engines lend themselves to the fitting of a fan, with radial discharges 
to each cylinder, for producing the desired atomisation and the mixing of the 
fuel and air. 


Starting control. On starting an engine the air s})eed through the f‘hohc is 
too small to lift the petrol from the jot—it is therefore necessary to supply petrol 
to a point where the suction is greater. With tlie throttle closed this point is on 
the engine side of the tlirottle, so that in the Baverey type of carburettor a tappi ng 
is taken from the well to this side of the throttle (see Fig. 320), and the air supply 
is controlled by a pointed screw. Slight opening of the throttle reduces the vacuum 
in the engine manifold and eventually the petrol supply from the slow-ninning 
jet ceases. 

In the needle type of carburettor the jet is sometimes lowered to produce a 
rich mixture, the piston which forms the choke resting on a stop just above the 
surface of the jet, so that the area for air iow is very small. ' 

Frequently a miniature carburettor, comprising one jet and a choke, is coupled 
to the main float chamber and to the engine side of the throttle. This is brought 
into operation by a valve which controls the passage from the choke to the engine, 


(4) Acceleration. The simple arrangement of jet outlined previously, when 
adjusted for economical rumiing, will not permit of rapid acceleration for the 
following reasons: 


(i) If the engine is to be accelerated its running speed will not bo partieidarly 
high, and therefore the suction at the main jet will not be great enough to accelerate 
the petrol at the same rate as the air is accelerated. The result is a momentary 
weak mixture which is said to cause a “flat spot”. 


(ii) With the throttle almost closed the pressure in the engine induction may 
be so low as to evaporate the petrol with which the manifold walls are normally 
wetted. Hence the first gulp of petrol, which follows the opening of the throttle, 
will wet the walls of the manifold, and only a vreak mixture will enter the engine. 
This mixture will be insuffioient to develop the power required to accelerate the 
engine at the desired rate, hence the acceleration period -will be prolonged. 

The methods available for ensuring rapid acceleration are r 


(a) To enrich fte mixture at small throttle openings, and thereby sacrifice 
fuel economy. ' ’ ; ‘ 

{b) To raise the, temperature .df the induction system to prevent depositions’ 
df petrol. Unfortunately thia reduces the volumetric efficiency of the engine, and 
, 'increases, the tepjjenpy ^ detbitate ,by elevating the combustion teperature. 

' Modern petrol^' a ceitainanm ‘ ^ 

/ which the 

.,'y®binettoryr ' v ' ' 

-v,!'-'. V’. .'Lyi’,'. '*'1, v".r», ','^1 ,{■ . , ^ ‘ 'V ^ 1 ' ' 
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{c) To iniect a small quantity of petrol from a pump which is connected to thp 
thioitle, hut T^hich only operates upon rapid depression of the accelerator pedal 

(d) To provide a well, as in the Baverey system. 

(e) To flaj) the throttle — a method resoited to by racing drivers wheie the 
choke is of so large a hoi c (with a view to ensuring high \rolumotrio efficiency) that 
the engine will not idle. The effect of flapping the throttle is to build up a layci 
ot petrol, which is sujiplied via the staiting jet 

The mechanical pum]) and heated manifold, of such small dimensions as to 
ensure a high air speed, is the modem method of producing rapid acceleration. 

The Baveiey method depends for its operation upon the well which supplies 
the compensating jot being almost full whenever it is desired to accelerate the 
engine. The sudden depression caused by the inflow of air — ^wliich attends the 
movement of the tlnottle — empties the well and disciiarges its contents into the 
induction system. 

Until the throttle is again closed the well will remain dry, since the metering 
jeb is capable of supplying only the eom]^cnsatmg jet with petrol. 

Of all these methods, that depending on the pump is the best, because it can 
anticipate an acceleration and does not affect the other events in carburation. 


Difficulties met with in aircraft carburation. , 

The effect of variations in altitude, as encountered in aviation, is to vary both 
the temperature and the pressure of the^ air supply. 

The effect of air temperature on carburation. 

The increased charge weight which attends a reduction in air temperature h 
offset by the reduction in barometric pressure with altitude, and unfortunately | 
the atmospheric tem})erature is further lowered by evaporation of petrol The ’ 
result is that the incoming humid air rapidly forms snow or ice which chokes | 
the carburettor. j 


The effect of barometric pressure on carburation. 

4 

On p. 644 it was shown that air ffow was proportional to the square root of the 
air density, and therefore decreases with an increase in altitude. This reduction 
In density enriches the mixture according to equation (12), p, 646. 

To compensate for this enriching of the mixture two methods are available; 


((») The use of a variable jet in which a hand-operated or automatioahy con- 
trolled needle obstructs the main jet and thereby regulates the discharge. 

ib) The provision of an air bleed in the emulsion tube, as shown in Mg, 330; 
of two connections &om the choke to the float chamber, wffichh 

ly Seeded- 



-ii 
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^ ^lll^lIl 1)010 pipo puls tlH‘ float tlianiber into oomiimnioatiou Mitli tho iiilot 
sido oi tlio { h(tko, whilst a Iaii>:or \aKf ooiitiollod pi})0 ( oniioots tlio (hiottk* suk* 
ol the olioko with tlio dual ohambei B,y o])oniui^ this niivtuio oontiol \al\o the 
piessuio in the th>at (hainher may he eoiisi(leial)l^\ KHluoed. with .i eonsotpieiit 
HtiiK Uoii in the piessuio rhtloienoe over the jets. Thus the }>etiol (lisriiaiuo lalo 
is ala) (limiuisliod. 

The small hoie pi]io also ads as a halanoiiiii rlevier to ommi up aiiv pKssiiK' 
thfleien((‘ lietween tloat oliainher and enihmottiu inlet due to the [)io\Hiut> or 
(owlinji;. ^ 

Temperature controls. 

The carburettor may be ])revented fiom treezinj^ by the iullowinu methods: 

{n) Heating tlie mtako air by fitting va]\ e-contiolled scoops round t h(‘ liiidor 
bajrelb. 

{h) Jacketing the carburettor wdth water, oil, or exbauht gas Ot thost^ thioe 
inothodb oil jacketing is the most w idcly adopted method, but it does not pre\ out 
ice foimation on the butterfly valve. 

(c) Depressing the freezing point of water vaiiour by the addition of oth>l 
ahoiiol or methanol to the petrol Unfortunately these solvents attack the 
piping. 

(t?) Dispensing wdth the carburettor and injecting petrol into each cylinder, 
or the induction system, by pumpb prevents freezing, imperfect distribution, and 
fire risks and allows a fuel of lower octane value and volatility to be burnt. 
According to reports (1040) tliejietroi injection s\ stem is gaining fa\ our in foreign 
machines. For a comparison of carburatiou and direct inject ion see Tin naophni , 
March 7, 1941, p. 289, Tht Bn(/ineer, February 5, 1913, p. 109. 

EXAMPLES 

1 , WJiat condit ions have to be fulfilled by a carburettor for modern air- craft ? 

By means of sketches show how these requirements are met hi a carburettor of 
particular make. 

2, Describe the major difficulties that are encountered in the carburatiou of petrol 
engines, and describe the practical solution of one of these difficulties. 

Engine testing.* 

(1) Purpose of the tests. 

(a) To determine information which cannot be determined by calculation. * 

(b) To confirm data used in design, the validity of which is in doubt, 

(c) Commercial testa are run to satisfy the customer as to the Performance 

of the engine. * 

* To James Watt must bo given the credit for the introduction and systematic application 
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By performance is primarily meant the operation of all the variables relatinu 
to the working of the engine Bor example: 

Power and fuel consumption. 

Automatic controls, ease of starting and stopping, vibration, power, range, etc 


(2) The technique of engine testing.* The number of variables associated 
with the operation of an engine is very great and their interdependence complex 
If therefore a clear idea of the relation between these factors is to be obtained 
then, as in mathematics, only one variable should be altered at a time, but a 
record should be taken of all the variables that migl|t affect the performance of 
the engine, since at a later date the results of the test may be required for some 
purpose other lhan that for which the test was primarily run. 


Recording the results. Great attention should be paid to the method of 
tabulating the results, so that computations may be made without having to 
repeat the writing of any figures, and the actual observed figures should not be 
corrected except from a repeat test. 

“Nothing contributes more to despatch than method/’ 


Plotting the results. The results should be plotted during the trial, so that 
they may be visualised. 

False zero’s and bastard scales should never be employed, as they are very 
misleading, and if more than one graph is plotted on a common base, then dis- 
tinguish both the graph and the scale by colours. 


(3) Attainment of steady conditions. It is obvious that it takes time for 
the variables associated with an engine to become reasonably steady owing tO' 
the heat capacity of the system. For a small engine at least five minutes should 
be allowed between each change of load, and for a large engine many times this. 

Simultaneous readings of all variables should only be taken after the attain- 
ment of steady conditions. 


(4) Bench tests of a petrol engine. The following tests may be made iritli 
comparative ease and, will convey a fairly complete picture of >the engW 
pefformance:t ^ , 

’ , ' , ' {a) Power tests. ^ 

(6) -Throttle tests. , . ' 


(c) Fuel consumption tests. 
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{a) Power tests. In these tests the throttle opening is fixed, and the brake 
load varied to give a complete range of speed, the ignition advance being adjusted 
at each speed to give maximum power. 

On a base of speed plot b.h.?., i.h.p., mechanical efficiency and specific fuel 
consiim])tion. 


{h ) Throttle tests . If the engine is used for propelling a motor car, aeroplane 
or boat, a definite relation exists between the speed of the engine and the power it 
must develop to maintain that speed on the level. To simulate these conditions 
on the test bed the throttle must be set so as to give the power at the particular 
speed of which experience shows the relation to be of the form 

where a and n are constants. 

For a motor car n is approximately 2, whilst for aeroplanes, and motor boats 
it is just less than 3. 


(c) Fuel consumption tests. Since fuel constitutes the major expense 
associated with an engine of sound mechanical design, special tests are usually 
made to determine the effect of mixture strength on the specific fuel consumptiori 
of the engine. 

The tests may take one of two forms; 

(i) Constant speed constant throttle opening. The mixture strength is 
varied by changing the opening of the jet, and the engine load adjusted to main- 
tain the speed of the engine constant. 

On plotting the specific fuel consumption and b.m.e.p. on a base of mixture 
strength, the b.m,E.p. and specific fuel consumption, for a given mixture 
strength, may be obtained from these curves and plotted against each other 
to give a fuel consumption loop. 

(ii) Constant power test. If the speed and torque are kept constant, the 
power will he constant, so that any change in mixture strength must be accom- 
panied by a etoge in throttle opening. 

On plotting, the specific fuel consumption and b.m.e.p, on a base of mixture 
strength, the curves resemble those for constant speed and throttle opening. 


Comparative tests. If tests on engines of different design and capacity 
axe to be compaa?ed, it is important that the variables are reduced to a common 
standard. , , , 

The atmospheric conditions musVbe reduced to n.t.p. conditions, and, to avoid 
, differences in mechanical efficiency ahd calorific value of the fuel affecting the 
results/the irc^ultssliouid be plotted a hasp of not and t}ie therhoiai 
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that Ricardo drove the engiae immediately after a test by means of an eleotiic 
motor, the torque on which could be measured. | 

Owing to the rapidity with which an engine cools down, the most refined * 
technique is necessary to obtain reliable information. 

By noting the reduction in b.h.p. which attends the cutting out of each cylinder 
in turn we have an approximate method of obtaining the i.h.p. of that cylinder. 
This is known as the Morse test. l 


The Morse test. The object of this test is to obtain the approximate 
r.H.p. of a multi-cylinder engine without any elaborate equipment. It consists 
of rendering inoperative, in turn, each cylinder of the engine, and noting the 
reduction in b.h.p. developed. 

With a petrol engine each cylinder is rendered inoperative by “shorting” the 
sparking plug of the cylinder; with an oil engine, by cutting off the supply of fuel. 

Theory. In Tig. 331 the white area of the indicator diagram is a measure of 
the Gross horse -power (g.h.p.) developed by the engine, the black area the 
Pumping horse “power (p.h.p.). See p. 593. 

The net t.h.p. per cylinder = (a.H.p.- p.h.p.). 

The net b.h.p. per cylinder = (I.H.P.- b.h.p.). 

With all the n cylinders operating the total 
B,H.P. 

== B.H.P.„ =* (g.h.p.^-p.h,p.^-b.h.p.J. 

Cutting out one cylinder, but maintaining 
the r.p.m. constant, so as to maintain the f.h.p. 
constant, the new b,h.p, represents that of an 

engine having [n-l) cylinders minus the pumping and friction losses of the 
inoperative cylinder., 

The reduction in b.h.p. that attends the cutting out of the oylindhr can 
obtained by direct measiirement, and symbolically it is represented by 

' . - {g.h.p:^_i - p.H.p.^.j (p.h.p, + b,h.p,) of the idle oylinder), •’ 

, If wp assume that pumping and friction losses ate the same when the cylinder- 
is inoperative as when working, then the redhotion in b,h.p. is equal to the 0.h,p. , 
of theinbperetive:eyffnder: ' - ' ; 

tri w wp\ ia rtaim1]T^r^(^.TO‘Rd rvf'’ * 
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Ex. The figures tubulated below show thtMosult of a test of a lib!) H.P. Alorris Oxford 
engine, 

Throttle opening. J. 


C.\ lindors 

working 

1 

1 

1 

1 

R.P.M. 

Biuko 

load 

B h.]\ 

Dilfinviicc^ 

iti B.M P. 

1 

2 

3 

^ 4 ■ 1 

1100 

97 

an 




o 

3 

i ! 

— 

07 

17'3 

lu 

1 

— 

3 


— 

Go 

lO'S 

8 2 

1 

2 


4 


70 

18 1 

0 9 

1 

o 

3 

- 1 


70 

. 

IS'i 

0 9 

I 1 i , 


O.H.P. 29-7 


jMochanical efliciency = 84 % 


Throttle opening, 


1 

2 

3 

4 

1200 

105 

28 



— 

2 

3 

4 

__ 

70 

18 0 

9-4 

1 

— 

3 

4 


72 

19*2 

8-8 

1 

2 

— 

4 

— 

73 

19-5 

8*5 

1 

2 

3 

— 

— 

75 

20*0 

8*0 







G.R.P. 3K 


Mechanical efticienoy = 81% 


Measurements. 

The following are the principal measurements required for a complete test on 
a petrol engine; 

(1) Torque. (4) Air consumption. 

(2) Rotational speed. (5) Various temperatures. 

(3) Fuel consumption. (6) Ignition advance. 


Torque* 


In the selection of a dynamometer it is important that the engine torque at 
every speed should be exactly balanced, othenvise the engine will stall or race 
away. Further, the characteristics of the dynamometer should be the same as 
the anticipated service load on the engine, and since in propulsion work this is 
mainly one of overcoming a fltiid resistance, then tbo Froude hydraulic brake 
should meet all oases. 

The electric dynamometer has the advantage that it can be used for motoring 
the engine as well as absorbing the power by heating resistanceSj which them% 
selves are fairly expensive jiarts of the equipment. With air-cool^ aero-engines 
the chrreht 'shottld be used for feving the} cooling , * ' 


Eotatjohal speed, . «* 

. Thfc is measured hy a centrifugal tnehomicter, which M similar an englUe 
' LgoWhbTi hi by a' {dmohometric.type; where the, number of revolutions, in a 


t 
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given interval of time arc counted and recorded by the mstiument, or by an 
electiic idcliometei, wheie advantage taken ol the e m r bemg approximately 
piopoiiional to fepeed 

Fuel consumption. 

This IS most easily mecasuied by noting the time to consume a given volume of 
fuel, although strictly speaking it is the mass that is lequired 
Fig 332 shows a simple form wheie two spherical glass bulbs, one of about 
100 c 0 capacity, and the other 200 c c capacity, are connected by three way 
cocks so that one may feed the engine whilst the othei is being filled 





The capacities differ in order to make the duration of tests approximately 
constant irrespective of engine load, whdst the spherical form combines strengfcli 
with a rnnall variation of fuel head on the carburettor needle 
To reduce the fuel consumption to a mass basis the specific gravity should be 
Ijaken at the temperature of the petrol duiing the tiial 
For an average petrol specific gravity « 0*74, calorific value « 10,576 on u 
per lb., latent heat 76 o.h.o. per lb., mean specific heat 0 to « 047 
OHTf.pffllb. 

Fuel in lb per hour 

■ J ^ 


Brake spooifio fuel consumption « 
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Ih fk( s[)ui1r tut I (oasiimption < \ 
\\ itli fuel haviiic, a r \ ut 10 *>7“> ( ii t pt i lb 

">■>> ()0 


Brake tlieimxl efficionev 


10 57 > ^ 1)1 dke citit tuel cousuiuptron 
0 1135 


Biake specific fuel coBsumpfciuu in lb pei u h p lioiu 


Air consumption. 

A sliaip-edged oiifice in ooniunction with au tinli jnilsitmg f ink haMirg in 
the case of a smgle-cylmdei engine, a volume about 500 tinif % f he swept ^ olume 
of the engine, foims a sim])lo and cheap method of estimating tlie in su])p!^ to 
an engine 

Fig 333 shows a poitable type employ edb’s theauthor Forthespicootcupud 
its dampmg quabties die excellent , and toi laige eiigints it c an be plated in sei le » 
with similai tanks until the lequired degiee of (lamiiing eftetted 

Sn acemateiy made shaiqi-edged oiiiioe wdl gi"\e a tdiil> pier iso ■value of the 
air consumption without cahbiation, but, should this be de‘-ii od, it is toinenieiii 
to employ a pipe A w hich cairies an oiihce that has been cahhialul in position 
by the N P L By alternately blankmg the pipe (w hen attached to flange B) a nd 
orihce C, at diffeient engme speeds, the coefficient of diseiuuge foi C may be 
obtained 

Simple theory. If the pressuie dilFerence over the oiffico, by a coneet clinice 
of orifice diameter, is limited to 5 m of watex, the coefficient of dischaige C / is 
sensibly constant at 0 696 and compressibility may be ignoied (see p 323) 

The velocity through the orihce is given by 

7<e. , (1) 

^ Pa 

where -jpg) is the pressure diflexence over the orifice in lb per sq* ft and 
IS the density of the air, the ratio, area of oiffice to area of supply pipe being 
zero. 


WHE 


43 


m 
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TJie jjieb&ure diffeieiice is ut'uaiiy measured in inches of water h^, 

. . lh-Pz = Y2^'^ 

Mass flow in lb. per sec. = C^AVp^, 
wheie A is the aiea ol the oriflce m sq. ft. 


.{ 2 ) 

.(3) 



Fig. 333. 


By (1) and (2) in (3), 


Masns flow = C^A ■ 


With air at 15° 0. and lb. per sq. in., i.e. 29*92 m. of meronry, the density 

14*7 X 144 


Pa 


96x288 


0*0766 lb, per cu, it. 


= 62*3 lb. per on, ft. 


Tahing as 0*596, and the diameter of the orifice in inches as Z>, then 

ttxD^x 60 /2'x32'2x 0*0766^2*3, 


Mass flow in lb. per minute * 0*596 x 


X m 


12 
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'Hu (\<eJl(Mit (lualiUos tunl low \a|K»ui pit^sure commond castor 

oil toi use 111 the inaiioinetei 

Jt thoatinohplioiK conditions diffci liom-lMiiiaud 15 5e(j|iiati()ii(0lHM’onieirt 




j->aionu tei 


I'SS 


'Toinpei.ilujo 


^h. 


: 8-077;- 


/ JhiLoiiietei , ,, 

\ Abhulute 1eiupei<duio • ('* 


specific air consumption. 


11 liiel and aiv could be obtained for iiothino it would be just reasonable to 
attach as much impoitance to the speeihe an consumption as to the fuel con- 
sumption. 

Kicardo conceived the idea of bpecifie air consumption as a means ol det.udiinji 
the peiloiinance of the combustion chamber from that of the mdiieiion mauitold. 
since the density of an* is very much less tliaii that ol liquid petrol, and thetofoic 
air can lollowthe toituous path of the intake wit bout, asm the case ot petrol, one 
cyhuder being rich and the other w'eak. 


Biake specific air consumption 


Air eousumerl m lb, pel hour 




Volumetric efficiency. 

It was shown on p. 618 that the volumetric efficiency was given by 

Air per stiok e reduced to^.T.P. 

Swept volume 

If w? lb. of air are consumed per minute by a four-stroke engine having n cylinders 
the lotational speed being N r.p.m,, air jier stioko in cu. It. 


10x2 96 X 273 

wx 14‘7 X 144’ 


• « 


Volumetric efficiency = 


^ ?f;x 42,800 

'fiN X vSwept volume per cylinder in eu. in,* 

(1) 


Temperature measurement. 

The temperature rise of the eirculating air is most conveniently obtained by^ 
mercury thermometers, which can be inserted dii’ectly into the rubber hose so 
that their btilbs are in the stream of w^ater. 

For the exhaust and cylinder head temperature copper-oonstantan thermo- 
couples should be used after caEbration in oi against a high temperature mercrqpr 
Ihermometer, For general industrial purpose mercury in steel pjnrometers are 
preferable to electric, provided the pipes are short, « 



SPARKINU 

Plug 
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IgnitioB advance. 

Tlie actual point at which ignition occurs has an important bearing on engine 
temperature, fuel consumption and the 
tendency to detonate, and is most easily WiPEtt-x 
obtained by inserting neon tubes in the / J I, 

flywheel rim opposite each crank and 

allowing those to move over the face / f V \ 

of an insulated wiper plate (graduated [ I X 

in terms of the crank angle), to which \ 

each sparking plug may be comiected \ ^ 

in turn by a loose lead (see Fig. 334). 

The characteristic diagram.* Fig. 334. 

On this diagram (Fig, 335) all the quantities that involve a time rate are set 
down in the quadrants of rectangular axes, so that the variables may be plotted 
during the progress of the trial, and may be readily compared by the co-ordinating 
rectangle, thus: 

If at a particular b.h.p. the fuel consumption is given by point A, the corre- 
sponding r.p.m. are given by JS, the air consumption by C and the mixture 
strength by tan 6, provided the same scales are used for air and fuel From the 
relation 

Torque x ZnN 
SS^OOO ’ 
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fa 

^ Mistube Strensth 
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GOl 


RJXAMPLES 

1. Testing engines. (A.MIXK. 193iS.) 

Describe any test of an internal eonibustion engine that you have personally carried 
out, giving the points of importance. 

{a) In the performaueo. 

(6) On the method of carrying out the observations. 


2. Volumetric and mechanical efficiency. (B.Sc. 19.38.) 

A multi- oylindered petrol engine is to undergo a series of tests in order to deterraino 
its volumetric and mechanical efficiencies over its full range of speed. IVLake a li.st of the 
observations you would take, and indicate how these quantities would be calculated. 

Sketch curves to a base of revolutions per minute, showing how these quantities vary 
(a) at full throttle, (6) at half throttle. 

Explain with the aid of graphs in what way the B.n.P. is related to the air consumption 
over the speed range. 


3. Show that the curves of i,h p, mechanical efficiency, fuel per b.h.p. hour and the 
heat balance curves for an internal combustion engine, wiien plotted on a b.h,p. base, 
are all interrelated, and predict their shape from theoretical considerations. If test 
Results differ from the predicted, how may the cause be traced? 

4. Morse test. (A.M.I.M,E. October 1937.) 

In a test of a four-cylinder four-stroke petrol engine of 3 in. bore and 4 in, stroke the 
following results wore obtamed at full throttle at a particular speed (constant), and 
with a fixed setting of the fuel supply of 0*18 lb. per min.: 


B.H.P. with all cylinders working 20*7 . 

B.H.P, with cylinder Ko. 1 cut out 14*2. 

B.H.P. with cylinder Ho. 2 cut out 14*1. 

B,E,F, with cylinder Ho, 3 cub out 13*9. 

B,H.p. with cylinder Ho. 4 cut out 14*2. 

Estimate the indicated horse-power of the engine under these conditions. 

If the calorific value of the fuel is 10,690 c.H.ir. per lb., find the indicated thermal 
efficiency of the engine. 

Compare this with the air standard efficiency, the clearance volume of one cylinder 
being 7 cu. in. 26*4 i,h,p, ; 32*9 % ; A.S.B., 47*6 % ; Relative efficiency, 69 % . 

5. Fuel consumption. October 1937.) 

Asiir-oylindered petrol engine of 4 in. bore and 6 in. Stroke was run, at full throttle at 
a constant speed of 1600 r.p.m. over the practicable range of air/fuel ratio, and the 
following results were deduced from the series: , 


Test number ^ ^ 

'i; 

i_i[ 

mm 

' K 

• 4 

6, 

6 

7 ' 

■/.8 ' 

111. per^q* im ^ . 

91*0 

96*0 

98*0 

97*6 



84*0 

.74*6 

Fuel coBSumptipn, lb, 

.0*90 

^0*80 

0*71 

0*02 





Aii/M'ratio,, by weight , , , 



11*0 

11*6 

12*9’ 

. 14,^7 

r'*'" 


19*2 

IBill 



ratio of 6/iy . ; 
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The fuel u '^ecl had a calorific value of 10,600 c h.tj. per lb., the air/fuel latio, by weight 
for ‘ ' chemically correct ” combustion being 1 4*5/1 . ' 

Plot, on a base of air/fucl ratio, curves of brake mean eJffective pressure and of fuel 
consumption in pounds per brake hoise-power hour. Point out those characteristics, 
of petrol engines in general, and of this engine in particular, revealed by these curves 
Calculate the highest brake thermal efficiency given by these tests. Am. 24 2°' 

(A.M.I.ME. 1930.) 

6. A four-cylinder automobile engine, of 2*5 in. bore and 4*6 in. stroke, was tested at 
constant speed, over the complete range of mixtin e strength. The arm of the brake ias 
Z ft. The following data were recorded* 


Test number 

* 

2 1 3 1 4 

5 

6 

7 

8 

9 

Revolutions per mm. 

1510 

loOU 1 1510 1 1510 

1510 

1510 

1509 

1493 

1613 

Brake load, lb. 

19-1 

19*15 ' 19*2 1 19*25 

19*25 

19 25 

18 95 

18*0 

16‘6 

Fuel, lb. per hr. 

12*1 

119 II*C > 11*4 

11 0 

10*7 

10*1 

9*4 

89 1 

Plot a diagram showing the relation between fuel consumption in lb. per b.h.p. hour 


andBM.E.p. 

Discuss the information which this diagram provides respecting the performance of ^ 
the engine, 

7 . Fuel consumption curves for Internal combustion engines . (B.So. 1937.) 

Sketch the general form of the curves obtained when fuel consumption per horse- ^ 
power hour is plotted against brake mean pressure for {a) a petrol engme, and (6) a » 
compression ignition oil engine, when tested at constant speed over a complete working j 
range of air/fuel ratio. j 

If the same engines are tested at constant speed over the range of power output, from j 
light to full load, the method of power control in each case being characteristic of the | 
particular engine, sketch again the curves showing the variation of the same quantities ^ 
as before, j 

In each case compare the curves for the two engines, and explain how the differences j 
follow from the different methods of operation. i 
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INTERNAL RUSTl ON RNOiNES 


(3) TRE OIL ENRJINE 

Historkal. 

Befoiv tho dcl\(*nt ul i^as piodums, ur the htoiteie ot lj.i's U\ ooinpre'HMoii. the 
emplujment of gaa eiigiiieb "wah \eij restrifted* so it seems natuial that lUfin 
should eiidcarour to generate ga^ from liquid, rather tfiaii iroin sulifi fuel, imtl 
use it in a gas engine. 

Hriiytoii, dll English engineer \\ho had scttle<l in America, first jmt forward 
the idea of converting from gas to oil, and in 1 H73 Ids first engine was plaeed Ufion 
the market. 

Brayton’s gas engine resemhled very elosely a steam engine, in that the 
explosive mixture was stored in a sepa rate container, and admitted to the engine, 
at constant pressure, for a portion of the stroke. To ignite the charge a grating 
was placed in the inlet poii, and ikroiigh this hot grating the ex}>loslve oharge 
passed on its way to the expansion cylinder. DifHcidi ies with this grating caused 
Brayton to inject oil through it into a charge of air, instead of injecting an 
exjdosivo gaseous mixture, and from that time success folloived, although tho 
engine Tvas not economical on fuel. 

The credit of running the Otto engine on light oil probably belongs to Daimler, 
who was associated with Otto at Cologne, and had a slow^-speed petrol engine 
running in 1876. 

It was in 1883 that Baimler produced an engine which ran at about IbOO r.ji.m., 
and in 1886 he propelled a motor ear wdth an engine of this type. 

Meanwhile, efforts w’-ore being made to adapt the Otto cyc*le for heavy fuels, and 
the first to achieve success in this direction wras Priestnian of Hull, who employed 
pai^affin as fuel in 1883. 

To vaporise paraffin, by the direct application of heat at constant pressure, 
involves a temperature in the region of 336** C., and even then thei^ is a resiiiue. 
If, how’ever, superheated steam, or pre-heated air, is bubbled througli the paraffin, 
distillation is complete at a lower temperature. 

Priestman, realising this, injected his fuel by means of air at 5 lb. per htp in. 
into the vaporiser, where evaporation was eflfeeted at 150'’ V.; tho vaporiser being 
jacketed with exhaust products at about 360® 0. 

A pipe connected the vaporiser with a normal type of four-stroke gas engine 
in which electric ignition was employed. , 

The Gfffien engine resembled the Priestman, but it employed hot-tube ignition 
(see p. 580), and on this account it was considered better at that lime. 



r>64 Infprnal Combusiwn Engines 

Surface ignition engines (hot-bulb engines). 

A})()ui 1889 the well-known Hornsby- Akroyd oil engine made its appearance 
and brought about a com]dGie revolution in engine design. Mr H, Akroyd Stuart 
oi Bletchley, Bucks, was the originator of the method of compressing only an 
in the engine cylinder ])ievious to the mjection of fuel into a hot bulb, wkoli 
formed the comprosbion space and vaporLer of the engine. This hot bulb 
may be regarded as a modification of the hot tube used on earlier gas and oil 
engines. One important difference, however, should be noted, and that is b^ 
contracting the bulb to a narrow neck, prior to its attachment to the workiuff 
cylinder, a very high degree' of turbulence is set up as the ignited gases flask 
through the neck into the working cylinder, where combustion is completed. 

Even at the jirosent time Akroyd*s method is still the best for burning fuels ot 
indifferent quality with reasonable economy, and little trouble. 

Ignition in this engine is entirely automatic, and, with a bulb of correct shape, 
maintained at a suitable temperature, it is immaterial whether the fuel is injected 
on the auction stroke or at the end of compression. The reason for this is that 
only those jjaraffin air mixtures in the range 10 to 17 parts of aii* by weight 
to 1 of paraffin are ignitahle, so that until sufficient air is compressed into the ! 
bulb, to realise this condition, ignition will not occur. 

For starting the engine, and running it on light loads, the bulb is heated ex- 
ternally by means of a blow-lamp. As the load increases, so does the bulb tern- i 
]jerature, with the result that the volume of air taken in is reduced, and the period \ 
of ignition automatically advances until pre-ignition occurs. To counteract this | 
water is dripped into the air-suction port. , 

The low-worldng pressures commend the engine for use where moderate powers 
of constant amount are required. 


Semi-Diesel. 

This engine occupies a position intermediate between the Hot-bulb engine 
and the Diesel engine. In the hot-bulb engine the co ipression pressure is about 
90 lb. per sq. in,, in the Semi-Diesol 260 ib. per and in the Diesel about 
000 lb. por sq. in. 

By raising the compression pressure the uncooled surface of the bulb may be 
reduced, and, in consequence, the working range and fuel economy of the engine 
considerably increased.* 

The increased compression pressure makes it imperative that the fuel is injected 
5ft the end of the compression stroke, where the combination of high pressures and 


* 4Jttolher important advantage is that heavy fuels, which would choke the vaporiser 
valves and piston of a hot-bulb engine, may he burnt in the high-compression engine with 

trijcfcij tb® introduction of high compressions it was quite common to find, after stopping 
piston wee immovable. 




Infamd ('omhusilon Kn(/inf'S (Um 

stidii tniu‘ (il })i(‘sent(*(i (losii»nors witli n ^u'ublpni of consitlorahk* 

iihi^mtiKle \ii<un in this field Akiovd \uih Ihe jnoiu'cr, and the pruieiphs whif fi 
lu‘ ml lodncod still hold. 

lietoio dealinti, Alvio\<l’s ui\en1ion of 181)1. let iih e«mdderthe iXMiuire' 
menls of fuel injcetioii £>(‘ar lor Compression ij^aition engines (t- i.n.). 

)^ii(‘fly tiie> aie a< follows; 

(1) 'J^ho (oricet amount of fuel, to develofi tlit' leijuisite |)ow(M‘, lUiiM he 
}.u]»]>lied to the endue at the rii;ht 

\ 2 ) I’iiL piessiu'e of this tiicl niUHt he raised Kiirtieumtly to injoet it, as a tiiu‘ 
mist, ^\hieh ■\\ili penetrate the eoin]>rcs>efl air to tlie remote eorners of the 
ooiiihustion ehamber. This reipiiremeiit is very diilh'ult to aeliicvm, sint'e in ii 
J )iosel engine the density of the an* at the end of comjiression is more than twelve 
tiiiieb the density of free air, and diimig <‘ombiistion double this amount, and 
by atomising the fuel the Idnetic energy of the fuel ]iurticles, and t herefore tlieir 
penetrating power, is correspondingly reduced. 

(H) On ]). 78 it was shown that the efficiency of a <‘onipression ignition engine, 
whether it wwks on the Dual combustion or Diesel cycle, depends upon the 
earlineftS at which the fuel is cut off, and since jiro-ignitioii determines tiie eoui- 
mencemont of injection, ii is obvious that in a high-speed engine the duration 
of the fuel iujeetion must be extremely short. 

(4) To prevent fouling the combustion space \\ ith the solid residue from un- 
consumed fuel it is important that injection commences and ends very abru})tly, 
so that there is no driblile. 

(6) In no circumstances must the fuel spray bit the walls of the combustion 
chamber, or heavy deposits of coke will oecirr, and the lubricating oil w ill be dilutee I , 

Akroyd^s atomiser. 

Fig. 330 shows Akroyd’s atomiser, which consists of a spring-loaded tlifferontial 
piston connected to a needle valve w’hich normally obstructs the atomiser jet. 
The pressure of the fuel is raised by a cam-driven ram pump in W'lut'li the timing 
is adjusted to impose a high pressure on the fuel at approximately the end of the 
compression stroke of the engine. This pressure is sufficient to lift the differential 
piston of the atomiser (to w'hicli the fuel pum}i is conneefed by a stout pipe) 
against the resistance of the spring. On the fuel valve opening the prossui'e in the 
fuel line is relieved immediately, and the strong spring returns the noedle valve 
smartly to its seat, so that dribble is prevented. 

Tangential slots are employed to w'hirl the fuel as it enters the combustioir 
chamber, whilst, to ensure mechanical freedom of the piston, combined wdth 
a reasonable degree of oil tightness, grooves are turned on the periphery of the 
piston, and a leak-olf pipe provided to return the oil, w'Meh escapes past the 
labyrinth packing, back to the suction side of the fuel pump. 

* See p. 467, 
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This method of supplying fuel is known as the Airless or Solid injection 
system, and in recent years it has made very rapid strides.* 



Fig. 336. 


The Diesel engine. 

Dr Rudolph Diesel invented this engine in 1893 with a view to obtaining a 
practical engine of high- thermal efficiency. To this end he left the cylinder un- 
jaoketed and attempted to use coal dust as fuel.f On this account it is easy to see 
why the engine was not a mechanical proposition. 

The first successful Diesels, using liquid fuel which was injected into the 
cylinder by a blast of air, were manufactured by the Company of'Qer- 

manyin lB96. , > ' ' , 

. In' Bngiand tie first .Diesel was made by Messrs Mirrlees, Watson and Go. of 
jSrlasgow in 1897, Messrs Sodtt and Hodgson of Gruide Bridge, Manchester, coa* 
strttotedthe'secdnd’piesd, whiohwasahpliziontaUwo-stroke. . , 

■> ; , The main features of the .Diesel engine are: its.'abfiity to burn heayy liquid 
: ^ luels ecosiomsipaRyi the' absence of a^ igmtion system; the;aij?-blast ffijettiot; 
,'yirhipi' pfoduces.'\o,ombp^^ ,at Appro3fdmately';>ohstjan^ '.pi^essure,'’' |nd,'ykin_ 




. ! 4r<o ■ 


<’ •’I*' * * ^•1 
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properly adjiialed, docs not produce Diesel knock (see p. H77 ) ; and the ability 
of the engine to start from cold. 

The complication and expense wliieli the aii'-iiijection system involves has 
resulted in its being gradually su[jerseded, except for the development of large 
poM’ers (see p. 079). 


The two- and four -stroke Diesel engines. 

As far as general features go these engines are very similar to gas and surface 
ignition oil engines, but the nnicli higher pressures which are developed neces- 
sitate an engine of more robust oonstnie- 
tion, and in which the lubrication and 
cooling of the engine must be carefully 
attended to. 

When the power developed exceeds 
150 H.p. per cylinder, fluid cooling of the 
piston is imperative, so this marks the end 
of the trimk piston, and the return to 
steam engine practice, where a crosshead is 
employed; the coolant being conveyed to 
the piston through the hollow piston rod. 

At one time water was employed for 
piston cooling, but the danger which at- 
tends the contamination of lubricating oil 
with water has led to the more general use 
of oil as a coolant, the piston being corru- 
gated internally to prevent carbonisation 
of the oil with the attendant danger of the 
carbon choking the cooling pipes. 

Fig, 337 illustrates the simplest type of 
crosshead Diesel engine. As this engine 
operates on the two-stroke cycle the only 
valves in the cylinder head are the air- 
starting and fuel valves. 

’ Towards the end of the expansion stroke 
the piston first uncovers the charging' 
port jB, which , is under , the control of 
valve, later the exhaust port D is opened, 

^ and the hulk of the products of combustion 
escape iht^ the vs^ater^cboled exhaust mani-’> 

toli, Th4scavehgijr^, port .;4as then op^^ -- , , ^ 

at "about blaisrainto to oyhndet ^cavetlge the 

,of the rdmahitt bhrint products* On theAsbent of to piste, Wive 0 



tig. 337. 
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is opened, and an extra charge of air passes into the cylinder, thereby producine 
a supercharging effect, since ports B and A are then closed. ® 

This method of charging and scavenging is common to Sulzer and Polar D 


engines. 


The crosshead type of Diesel engine is used mainly for marine propulsion 
(vhere the propeller imposes the condition that the maximum power must be 
developed at about 90 r.p.m.: the engine is therefore of the long stroke type. 



Mg. -339. 

{' ' * t 



The complete scavenging of the cylinder with a minimum quantity of air iw,ay ^ 
‘/be conveniently eifdcte^' by the i^e of opposed pistons^ as in the engine whichhas; 

’ .beeh brotigXt to a iigh state of perfeotidn by Doxfords of Sunderland, {Mg. 33?)* 

' ! BtrMy spe^iing, thir ds not a trpe Diesel engine^ as it ^employs solid injectidft 

I,, 3fhis is‘ provided atstarla^j^/. 






of eraiiksliaft is eiiiployetl, the uj)per pistons being o])orate(i by ciuss-ooiiueetiiig 
opposite crosslieads to them. The upper erosshetuls are square, aiui are eneiosecl 
in bCjiiare cylinders, which furnish the scav^eiigiug air for the ])ower oylhiders. In 
the previous tyq^es described the scavenging air is supplied by a motor or turbine 
driven blower, whereas the Fullagar engine is self-contained, 

/A Stop Position 
/ ' / 

IjU — Handle to Operatc Eccentric 
//' Sleeve Carrvimg Valve Rockers 
„„ h. No 2 AND 3 



4 Exhaust 


Fig. 34L 

Cylinder head. The cylinder head of a four-stroke Diesel engine is very com- 
plicated, especially if the engine is to be reversible. In addition to the normal 
inlet and exhaust valves, fiiel, air starting,, and relief valves are fitted, and since 
it is difficult to keep valves larger than 12 in. diametm* gas tight,' duplication of 
valves on large engines is often imperative. ’ , ' ' , ^ 

, ]pg. 341 illustrates, the valve g^ar,for a non-reversing four-stroke Diesel engine. 
Beckers (2} and (’3),^e i»ivQted on an eccenf^c bearing S, whieh is free to revolve 
nnshaft 1;, Th%ppsttipn>f theeccentrm 0, wUnch-Controls 

tie stringy sibop|iiid ,rb of the fueTand air 'starting rockers, J?y 
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Blast -injection system. 

In this system each cylinder is provided with a fuel pump, the purpose of whieli ‘ 
is to meter out the amount of fuel comparable with the load on the engine and 
to raise this fuel to the fuel valve, where it reposes until this valve is opened ’ 
mechanically. As a rule all the pumps for a multi-cylinder engine are contained ^ 
in a single steel block, and their rams are driven from a common crosshead. The ' 
amount of fuel delivered is under the control of the pump suction valve, which 
is operated by the governor, in combination with the plunger, the initial 
given by the plunger preventing a vapour lock. : 



Fig. 342. 


^ ^ , The blast air iaraised to about 1000 lb. per sq. in. by a three-stage compiessojr; 

^ shown in;Mg.- 342, ^ This air is responsible for projecting the fuel into the fiomt • 
btt^iqn chamber, andatomising it. ' - . , ’ ' 

^ lig.! 343- Mibwa an 'excellent -type of fuehya'l^^, the'.oscillating spindle . / 

VWaTrilrJli,/?! ’.tw* ■♦\*.atTU.vk+. T.aat.'in jva. 
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On this acconnl attention has been paid to improving the j)acldng and 
lul)ric‘utioii of the laterally packed type, with gratilying’ results. 

It IS customary to fit ball valves in the pipe connecting the fuel pump with the 
fuel valve to pj’event drainage of this pipe, 
and also to protect the pump from a blow 
back .should the fuel valve stick. 

Cases are on record where the steel fuel valve 
has been hurst, and as a safeguard bursting 
discs are often fitted in the valve itself. 


Lkakaoe: or Air 

TO Atmoophekc 

Prevemteo by 
6’laho and 
SruFnNGBox _ 
On thisSpinole 


The double-acting Diesel engine. 

The demand for greater power from smaller 
weight has led to the mtroduction of double- 
acting engines, of which a number have been 
made in recent years, and some of these have 
abeady been replaced by steam. 

The position of the cool piston rod in the 
middle of the lower combustion chamber 
causes the power developed on the nn(ferside 
of the piston to be considerably less than on 
the top side. This gives rise to an alternating 
torque with its attendant troubles. 

Those who have seen, or worked on, a large 
double-acting four-stroke marine engine can- 
not fail to be impressed by the tremendous 
mechanical complication, and the difficulties 
of dismantling. In the author’s opinion it 
would appear better to use a two-stroke engine, 
and develop this into a double-acting engine 
should the power not suffice. 

In fact, modern developments indicate that, 
for powers between 10,000 and 20,000 H.F., 
the double-acting tvro-stroke will be the engine 
of the future where a slow rotational speed is 
necessary, and the price of oil fuel compares 
favoui’ahly with that Of coal. 


In theLatcital 
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^"MEuclftL Grooves 
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lOOojOlA HOtE 

Nozzue 
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Timed Fuel Pimps 


Fig. m. 
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\ 

(4-) Less Tioi &7 exhaust 

(6) Oompiession better maintaiucd thian in the two stroke, since the enqiie 
luns cooler, and the avoi age load on the piston lings is less. ^ 

(6) Weight very little nioic than of two stroke with all its, acee&sones. 

(7) dudgeon pm does not piesont any difficulty oi lubiicatioii. 

(8) Open-valve gear wears rapidly in a dusty atmosjiheie. 

(9) Cylmder weai less than in some two stiokes. 

Two stroke. 

(1) Larger power per cylinder. 

(2) Shorter crankshaft and more even toique reduces the iisk of toisional 
oscillation, and the size of the flywheel. 

(3) Engine easily reversible. 

(4) Simple symmetrical castings, and no valves to grind in. 

(5) Few spares required. 

(6) Inferior fuel may be burnt, since there are no valves to gum. 

(7) Only three cylinders aie required to enable the engine to start m any 
position. 

(8) One of the worst features of the t’w o stroke is the quantity of scavenge air 
lequired. Leakage of this air thiough the exhaust ports accounts for a loss of air 
almost equal to 50 per cent of the swept volume of the cylinder. 

(9) In engines ushig crankcase compression great care must be taken in oiling 
the internal parts, since oil fog is transferred to the upjier side of the piston, 
where it is burnt or wasted. It should be observed that the unidirectional forces 
on the connecting rod demand rather more oil than in the case where the forces 
alternate. 

(10) By placing the exhaust ports higher up in the cylinder, and paying par- 
ticular attention to the exhaust pipii^, it is possible to dispense with both blowers 
and crankcase compression, as in the Fetter Harmonic Diesel.* 

The Kadenacy two stroke 4 

In this engine advantage is taken of the momentum of the exhaust gases for 
inducing an air charge into the cylinder through ports which are controlled by 
the movement of the piston. A mechanically operated exhaust valve is fitted m 
the cylinder head, and the exhaust gases are discharged through a fairly large 
bore pipe, the length of which is adjusted to produce the necessary depression of 
f>ressure in the eyliader. Starting is effected by crankcase compression. 

Supercharging Diesel eugiues* 

Supercharging an engine may be defined as the artificial raising of the intake 
pressure of the air above atmospheric pressure. 

* Bsie S, D, Tamer, Exhaust systems of two stroke engmes ”, Proo. Imi, Med* 
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Tli(‘ ot bUpei(*h.iigiiij» an* 

(1) T(> im lease the lujwer ol the engine. 

(2) To juaiiitain tlie f)owei output legaulless or.iltitudt‘. 

'Po UK lease the air [nol latio, and thereby iinpiove the theimat efliueniy 
of the engine 

The niot]Lod& available lor raising the pie'^suie ot I he air aie 

( ] ) The use of u Ramming pipe on the air inlet , so t hat the momentum of 1 he 
ingoing an may be eonyeitod into }>tcssure eueigv- 

(2) The use oi lotary blowers. 

(3) The use ot a piston-fcj jie eonipiessoi. 

The ramming pi])e is simple and effective, but it causes the mlct to be noisy, 
and often it cannot be conveniently accommodated on the engine. 

Rotary blowers offei the most successful solution, but their inertia restricts 
their use to ( onstant-speed engines. In the Buehi system the blow ei is driven by 
a turbine which operates on the exhaust gases from the engine. Although this 
system involves a higher exhaust temperatuie, and the use of se})arato evhausfe 
manifolds for every three cylinders to allow the oxbau-^t pressure to fall 
sufficiently for reasonable scavenging, yet the increased cost and weight of the 
engine is considerably less than that of the extra cylinders to jirovido the 
cidditional power. 

In the Werkspoor crosshead type of single-acting four-stroke engine the under 
side of the piston acts as a compiessor, and since two compression strokes are 
made on this side of the piston to every one on the power side, the volumetric 
efficiency of the compressor need not be high. 

Solid injection or compression ignition engines (o.i.e.): high speed type. 

When the fuel is injected by air, combustion takes place at approximately 
constant pressure, bub with solid or airless injection (introduced by Vickers) 
this is not possible; hence these engines do not operate on the true Diesel cycle, 
although they are, more often than not, referred to as Diesel engines.* 

In the usual arrangement of solid injection engines each cylinder is provided 
with its own cam-driven pump and atomiser, and Rig. 344 illustrates the Bosch 
system, which is widely used.f 

In size and appearance this pump resembles closely a magneto, and, like the 
magneto, it is driven at half the crankshaft speed for four-cycle engines. 

On full load the injection period occupies only about 26° measured on the 
crankshaft, which is half that on the fuel pump, so, if the entire stroke of the fuel 
pump were used, there would be difficulties with a cam of very rapid lift and 

* C. Day, "Heavy oil engines and Diesel engines ”, Prw, InaL vol. CX3C, p. 713, 

t Pfoc. Jnsi* Auf- Bng. vol. xxrv, p. 841 j Proo, JTnsi. Jfefecfe. Bfig. vol. exs, p. 618; "Fael 
injection equipment”, Proo. ijMfiS. M&ok> Mng, vol, cxxxn, 1936} H. 0. Farmep and ^ F. 
Alo^^ck, “Fuel injection systems for high speed oil engines”, Proo, Jtmt 
vol. oxx, p. 617. 
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narrow width. This is avoided, and rapid injection initiated by using only about 
half the stroke of the plunger which is so shaped as to control the beginning and 
end of the injection (see Tig. 345). 

Tueliiows into the pump under gravity when the plunger uncovers the suction 
port 2 (Fig 344) , On the return stroke, this port is masked as the fiat-topped plunger 
passes it, so that injection always commences at the same crankshaft angle. The 
quantity of fuel discharged is under the control of a helical groove which is 
machined in the plunger.* When thisgroove uncovers the suction port, the delivery 
is by-passed to the suction line. The angular position of the groove, therefore 



Fig. 344. 


’ 4 /), ' ' ' 

V, 


relative to the suction port, determines the power developed by the en^e. It is 
for this reason that tooth gears 4 are provided at the base of the plungers to 
engage with a rack 5 which is coupled to the accelerator pedal or to the gpverupr. 
In addition, some pumps are fitted with a device for automatically advancing the 
period' of injection, as the engine speed increases. The spring loaded discharge 
vailwe 6 carries a small; piston beneath its seat, the purpose of whihh is to 
increase the Volume in the delivery pipe immediately the fuel is by-parsed, 
' <$his increase in volume' permits rapid closure, of the atomiser valve, whiol is 
' ' iskuOar to the Akrqyd (see 066). 
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Nozzle holder and Nozzle 

1 « Noi7!e body 

2 = Nozzle >alve 

3 — Cap nut 

4 s= Spindle 

5 a= Spring 

6 sss Spring cap nut 

7 *=» Adjusting screw 

8 =s Protecting cap 

9 ss Fcchng pin 

10 as Nipple 

11 sa Fuel delivery connection 
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charge va Ive, revolving the engine Jowly, contiaiy to it& normal direction, until 
fuel oil appears from the supply port on the top of the plunger Individual 
adjustment of the plunger 5 may be effected by altering the tappet clearance? 

The duration of mjection can he varied mdependent of the governoi by un 
clampmg the plunger 3 from the governor pimon 4, and revolving the plungpi 
to the desned position before re-clampmg The discharge may then he checked 
by passing seveial pump fulls of oil, against the resistance of the atomiser, into 
a moasuiing vessel The exhaust temperature of each cyhnder, and vibration ot 
the fuel pipes, are the hnal check on the setting 

The common rail system of fuel injection. 

To the Royal Aircraft Estabhshment is due the credit of havmg produced the 
first really high speed reliable and efficient compression ignition engme On this 
engme the fuel pressure was raised to about 6000 lb. per sq. m by a plunger 
pump, prior to storage of the fuel m a steel cylinder from which it was distributed 
to mechanically operated fuel valves, similar to the type shown in Fig 343 

For moderate speeds this system serves admirably, but when the complete 
injection period occupies only about three thousandths of a second, mechanical ^ 
difficulties aie mevitabie. 


Expansion WrTHDUT 
lONITlON 

ROLLED COMBUSnOh 
CowausnoN During (njectioii 


Process of combustion in a compression ignition oil engine. 

When the fuel is sprayed into a very dense and highly heated atmosphere a 
delay occurs during which the particles of fuel are being evaporated. The vapour 
must then be brought into contact with 
oxygen, at a sufficiently high tempera- 
ture, before it can burn. It will be seen 
therefore that the delay period depends 
on. 

(1) The ignition quality of the fuel. 

(2) The relative Telocity between the 
fuel and air. 

(3) The degree of atomisation. 

(4) The mixture strength. 

(5) The pressure and temperature of 
the air at the point of injection. 

(6) The presence of residual gases. 

Fig 346, which wastakenfromJ^^^’Tie- 
January 6, 193fl, indicates the 
pressure changes on a crank-angle base, 
and here the delay period is regarded as 
the fame int^al from the beginning of 
injection to the initiation of an appreoi- 
in pressure. T'uel aooumulates 
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tluiuit. tlio peiKul, and the hod and additional tuibuieiico, do'^ eloped by 
die inol whith was liijmtod duimj> the delay poiiod, f luse ^ oiy lapid <ombuslion 
nl the accumulated chaif^c This uiuontiolhd coinlmstioii takes place at appioxi- 
iiutcly constant volume, and is lesponsilde ioi a voxj" iipul nie ol ])ies^uu‘ 
iisi, m tact, in sovoie cases, the Diesel knock bc(omes audible. Il inject ion 
continues at the end ol the uncoiiti oiled tomhu-tion sia£>o, the inti will )nnn 
at a]ipio\imateJy constant piessuie as it cnteis tJie e\lindcr. 

The iincontiollcd ( ombustioii f)iescnts desigiu i w itli \ difiieuit jiroblem hiiico, 
at the ])C&t, it produces loughnesa of lunmng and, at the woist, it mitdit be 
lespoiisible tor wiecking <ui engine 

Obviously, it the accumulation ol luel is j)! evented, tliero can be no Diesel 
knock 

The methods m use to prevent this aie 

(1) To raise the compre&bion ratio, and thereby to produce a temperature 
considerably in excess of the spontaneous ignition temjieiature (s i T ) ot the fuel. 

(2) To ariange the injector so that only a small amount of fuel is injected at 
Old Doxfoids achieve this by employing two mjeelorb slightly out of phase. 

(3) To reduce the degree of turbulence. 

(‘i) To use chemical dopes. 

Although increased compression produces higher pressures, it i educes the rate 
of pressure rise, and therefore a smoother engine lesults. This is jud the levcrse 
of nhat is experienced with petiol engmos. 

It IS very difficult to aiiange fuel injection in stages so as to pioduce a short 
delay period, and the piotractcd combustion, which takes place at constant 
piesssure, loweis the thermal efficiency of the engine (bee p. 78). 

To reduce tuibuience will of course protract the diiiation of combustion and 
thereby reduce loughness, but at the expense of torque and thermal effi< iency. 

The delay period may be reduced by doping the fuel with about i % of ethyl- 
mtiate or amyl-mtrate which accelerate combustion. 

In petrol engmes the tendency of a fuel to detonate is measured by itb octane 
number (p. 628) With the compression ignition engine it is measuied by its 
cetane number,’*' which is defined as the peicentage of cetane m a mixture of 
cetane and a-methyl-naphthalone wliieh has the same tendency to knock as the 
fuel under exammation. 

Combustion chambers*. ^ 

To secure rapid combustion of the fuel, particularly during the constant- 
pressure stage, it is essential that there sliould be a high relative velocity between 
the air and the fuel, and this may be obtamed in the following ways ; , 

(1) By the use of high injection pressures. 

* Cetane, «3 rather a rare solid of the paraffin group, 

t '‘Combustion chambers injection pumps and spray valves.” Pm, of Auto^ Mti0, 

May, 1930, ' 
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(2) By the u^c of a pie-chamber, ante-chamber, or air cell, into which the fuel 
is injected. 

(3) By giving the aii an orgamsed swirl during induction, so that this swirl 
persists duimg combustion, luel mjected dneot into the cylinder. 

Method (1) IS limited by the elasticity of the fuel and injection system, wbch 
tends to upset the timing of the injection. A point is also reached where morease 
in piessure merely breaks up the diops 
of fuel. For engines of reasonable size, 
therefore, it is preferable to use two or 
more atomi&eis, as in the Doxford engine. 

Method (2) is an extension of the 
Akroyd piinciple, and has the advantage 
that inferior fuels may be consumed at 
moderate injection pressures, and with 
indifferent injection gear. From Fig. 347 
it will bo seen that a quantity of air is 
compressed into the ante-chamber into Fig. 347. 

which is injected the fuel. Rapid expan- 
sion follows, and the partially consumed fuel and air are projected, at a higt 
speed, through the pepjier castor outlet of the chamber. Although this outlet 
breaks up the stream of combustibles, yet it is responsible foi a considerable 
loss of heat, since high speed is just the requirement for rapid heat transmission 
(see p. 715). 

Theoretically the air-cell type of combustion chamber cannot gite the same 
thermal efficiency as direct injection, since combustion virtually takes place m 
two stages, as may be observed from an out of phase indicator diagram (Kg 
348), This is also borne out in practice. Starting is more difficult than in the one- 
stage type of chamber, in spite of the higher compression ratio (about 17 to 1) 
employed, and heat losses are greater. 



ISIethod (3) is the most promising of all, since, by the provision of a deiector 
valve (as in the Gardner engine) or the use of a sleeve valve, having 
iaolmed ports to produce the desired swirl (as in the Ricardo engine, 
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l^ii» t? >(*) ih<‘ ol^ tli(‘ ti[i Oiiii |)(» |][ tlitiii llitit of ilic fiu‘l, lUid 

IS ilw<iys piopoi iional tu eiii>ine sjk od The s\\ h Imo air up fi pai tide of fuel, 

( otisiiJJics if, and disperses flu* ])iodu< 1 s ol eombiistion The lale ui pies'-iue rise 
lb modeiale, and on this aeeount iliese ennme. lun sniootlil^, and wliile metal 
tail he Used iii plaie ut lead broii/e On (hiidiiei engines, uilli a hoieot hid 
41 111 ., fuel eonsnmptions ni less than 0 37 ll) pei n ii v. per hom aie le dised, 
with a eonipi essioii latio oi but 13 to 1. Koi an engine oi this t^ize this is a le 
in<ii Lihle {leiformanee, ainl moie and iiioie manut.u tiiieis aio follow iini; t ho lead 
bot hy this tiim m 1<32U 

A diaoi<uiimali(‘ aiiangoment oi the eylmdei ho.td is bhown in Fi^ 340. 




Comparison between solid and blast injection. 

The adyantages of blast injection Are: 

(1) The fuel pressure is low, so that esireme precision is not required in th^ 
manufacture of the fuel pumps. 

(2) Atomisation and penetration of the fuel are far better than in the case of 

solid injection engines* hence combustion may be controlled at appro^rimately 
constant pressure- ^ 

* To avoid rapid dilution of tho lubricating oil with fuel ©xcoUent prayers should be 
provided, usually with three or more holes, so as to distribute the fuel. With sleeve valves, 
however, a single hole is sufficient because of the intense air swirl. 
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(3) TIio M.E P. developed is higher in oonbequence of the blast air, and the 
more perleet combustion. 

(4) The control of the engine is more perfect, even with low compression 
pressui’es. 

Disadvantages: 

(1) The system is expensive and complicated. 

(2) Adiabatic expansion of the air through the fuel valve lowers the tem- 
perature locally, and this has a deleterious effect on the process of combustion. 

(3) Unless the blast pressure or the fuel valve lift is reduced, air is wasted on 
light loads. 

(4) No serious objection can be raised to the three-stage air compressor, 
because in any case starting air is required. 

(5) The weight of the machinery is increased by about 5000 lb. on a hundred 
n.p. engine. 

Advantages and disadvantages of solid injection. This system merits 
simplicity, oil of specific gravity in excess of 0*93 may be burnt, and in all but 
high-powered engines it has driven the blast-injection system out of the com- 
petitive field. 

Penetration is not as perfect as with blast injection, and the elasticity of the 
fuel and pipe line sometimes cause timing troubles on light loads. On two- 
stroke engines the system is ideal, as it dispenses with the cam shaft. 

In spite of the reduction in the number of working parts, it has not yet been 
possible to obtain as high a b.m.b.p. with solid injection as with blast injection. 


Mixture strength. 

Imperfections ia mixing the fuel and air, and the desirability of suppressing 
Diesel engine knock, demand that the air supply shall be in excess of the minimum 
required for the complete combustion of the fuel. If an attempt is made to inject 
more fuel than will combine with about 75 % of the air present, the exhaust 
becomes smoky. 

As the amount of fuel injected ia reduced, the cylinder temperature falls, and 
the delay period is increased; for this reason the injection should be advanced 
on reduced loads. 


Optimum compression ratio. 

With large Diesel engines it is not possible to handle forces greatly in excess 
of one hundred tons per piston; for this reason the compression pressure should 
be as low as reasonable combustion, on reduced load, will allow. As a further 
meohaiucaily operated fuel waives are to be preferred on this type of 
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' On high-speed engines, to provide for the pressure contingency of a stuck 
atomiser needle, or the initiation of an injection due to a pressure surge in the fuel 
pipes, it is customary to limit the maximum pressure to 9001b. per sq. in. This 
pressure would be produced in an engine having a compression ratio of 8 : 1, if all 
j the fuel were burnt at constant volume. 

By arranging a portion of the combustion to take place at constant pressure, 
the compression ratio may be increased without increasing the maximum pressure 
developed. As, however, this results in a reduction of the expansion ratio, the 
thermal efficiency is less than if the Otto cycle had been followed. 

Practical objections to high compression pressures are increased wear and tear, 
the difficulty of maintaining the pressure, and the sensitivity of the engine to 
correct timing of the injection. 

High-speed engines for high altitudes . ^ 

I The direct effect of altitude is to reduce the intake pressure and temperature 
* and the weight of aspirated air; hence the fuel injected must be .reduced in the 
’ same proportion. This lowers the temperatures throughout the cycle, and pro- 
duces unsatisfactory running, especially on light loads. For this reason it is 
customary to raise the compression for each 2000 ft. increase in altitude by a 
change of pistons. In the absence of heat losses the higher compression would 
produce a higher temperature than with the normal compression at sea level, 
but heat leakage has a greater effect on the temperature of a small mass of air 
than on a large mass; hence the higher compression allows the engine to perform 
as well at an elevation as at sea level, although, of course, less power is developed. 

Comparison between petrol and compression ignition engines. 

Although the compression ignition engine is more expensive in &st cost than 
the petrol engine, and each repair is more expensive in consequence of the higher 
grade of materials and workmanship, and the fewer engines in use, yet, for trans- 
port work, it will run almost twice as far on one gallon of cheap Diesel oil, as a 
petrol engine will on one gallon of expensive petrol, and, with care, more than 
160,000 miles may be run without a major repair. 

The higher ratio of maximum pressure to m.b.p. necessitates the compression 
ignition engine being heavier and stronger than a petrol engine of equal power, 
when constructed of the same materials. In aircraft engines the reverse obtains. 

Since the c.i. engine can consume only 75 % of the aspirated air, it means that^ 
a petrol engine of equal cylinder capacity with a volumetric efficiency of 76 % 
would develop the same power if their thermal efficiencies were comparable, and 
the ffiils had the same calorific values. Of course the lower compression of the 
petrol engine prevents this. ■* 

* Per A. 0*. Begg of L. Gardner and Sons. 
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Acceleration of the c.i. engine is superior to that of the petrol engine, since a 
change in the quantity of fuel supplied may^ake place instantaneously, whereas 
the carburettor hampers a petrol engine, particularly when the engine is cold. 

The greater expansion ratio of the c i. engine produces a lower exhaust tem- 
pera tuie and pressure. On reduced load the petrol engine is superior to the c.i. 
engine, because of the better mixing of fuel and air and the fact that the small 
quantity of fuel injected in the c.i. engine and the short period of injection show 
up imperfections in the injection gear. Curiously enough the c.i. engine starts 
moie easily than the petrol engine. 


Testing oil engines. 

The procedure during a test of course depends upon the size of the engine and 
the equipment available, and upon its power and speed. Testing a 20,000 h p. 
engine, running at 80 r.p.m., is a very different problem from that of a 20 h.p. 
engine running a 2000 r.p.m. 

Particulars of tests on large engines are given in the report of the “Marine 
Oil-Engine Trials Committee”, Proc. Inst. Mech. Eng. 1924. For small engines 
the tests are very similar to those outlined for petrol and gas engines. 

The greatest difficulties encountered in testing single-cyliader slow-speed 
engines are of estimating the heat loss in the exhaust, and the air consumption. 
Pressure pulsations rule out an orifice tanlc (see p. 657), and they cause difficulties 
in obtaining a representative sample of exhaust gas for chemical analysis, whilst, 
for the amount of information it yields, an exhaust calorimeter is an expensive 
piece of apparatus. 

The only other method is to employ a light spring indicator, and check the 
information it gives by the Orsat apparatus, thus: 

Estimation of the volumetric efficiency and the air consumption of an 
oil engine from a light spring diagram*. 

For this determination the barometric pressure must be known, and a light 
spring indioator diagram must be available. 

From Fig. 361 the apparent volumetric efficiency is IjE^ but, to obtain the 
true volumetric efficiency the aspirated volume at state must be reduced 
to N.T.P. condition Pi^iTi by using the relation 




T, 




Eeduced volume v, » t? J x 




Pi 


.( 1 ) 


The ratio — may be eliminated from (1) by establishing, on the mdicator 
diagram, the Standard atmospheric line, see Fig. 361. 

I 

Charge volume ^ 7+ and when reduced to it becomes 
^ ' 278 
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The charge consists of residual exhaust gases, and aspirated aii‘, which at 
point 3 share a common temperature and volume . 

/ 


T 

T ^ 273 ^ volume at N .t.p. 


V + ?>„ . 


Dividing throughout by swept volume F, and re-arrangmg, 


0 ^, 


T. 


Volumetric efficiency=^ ff + tm * m 

At the end of the suction stroke Professors CUUendar and Balby found the 
temperature was about 80° C. so that 353° C. and will be about 650 C. 
on normal load. 



To check the accuracy of the flue gas analysis given by the Orsat 
apparatus. 

For an engine of good design the thermal efficiency, on the i.h.p. basis, should 
be sensibly constant at constant speed whence 

(i.M.E.p.)XAiV n * 

T xr p — ^ ^ ' y 

33,000 2 

Fuel in lb. per min. x Calorific value in o.H.u. x Thermal efficiency x 1400 


33,000 


■(i) 


where n is the number of cylinders of the four-stroke engine tested. 

I.M.E.P. ~ j^(Fuelper min.). (2) 

Hence a linear relation should exist between i.m.e.p. or i.h.p., and the fuel 
consumption in lb, per min. This is the equivalent of Willans' line for a steam 
engine. 

How the analysis of an average Diesel oil is C, 86*7 %; H, 12*5 %; S, 0-64, and, 
when this is burnt with a minimum quantity of air, the volumetric analysis of 
the resulting products of combustion is approximately CO 2 , 16*4; H 2 , 84-6. 
With no fuel the N 2 content is 79 %, so that the Hg content of the exhaust gas is* 
not susceptible to any great change, and may be taken as 84 %, whence 

The weight of an per lb. of fuel when burnt completely (see p. 614) 

S4x86’7 220 ... 

“ 33C30, , 

At constant speed the volumetric efficiency will be fairly constant, and, as a 
consequence, so will be the rate of aspirating the combustion air. 
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/. Fuel in lb. per min. 

Apirated air in lb . per min. _ Aspirated air in lb. per min, x CQ^ 

Air per lb. of fuel 220 ’ "*W 

By (4) in (2), 

K X Aspirated air in Ib. per min, x COo 
^ 220 

Hence a linear relation should exist between i.m.e.p. and the CO 2 content of 
the flue gas. The same relation holds for the oxygen content. 

When the COg content is zero, O 2 should be 21 % and the i.m.e.p. should be 
zero. With a minimum quantity of air the CO 2 content should be 15-4 %, the Oj 
zero and the i.m.e.p. a maximum. 

Experiments conducted by the author verify this elementary theory for four- 
stroke engines. 

Measurement of fuel consumption. 

For engines which develop less than 100 h.p. the simplest, and most accurate, 
method of obtaining the fuel consumption is to.support the fuel tank on a weighing 
machine, and discharge the fuel to the engine through a slow opening valve, or 
tap, into a closed funnel which carries a glass tube at its upper end (see Fig. 352), 
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/ then obtained by subtracting the weight of the fuel and tank, at the end of the 
trial, from that at the beginning, the tune to discharge this mass of fuel being 
noted. 

i Note. The Heat Engine Trials Committee recommend the use of the gross 
^ calorific value of the fuel for the computation of thermal efficiency. 

Ex. Diameter of an oil engine cylinder. (I.M.E.) 

Find the diameter of the cylinder of a single-acting Diesel engine, working on the four- 
stroke cycle, with combustion at constant pressure, which is required to give 60 i.h.p. 
at 200 r.p.m., from the following data: Compression ratio, 14-1; Fuel cut off, 5 % of 
the stroke; Index of compression curve, 1*4; Index of expansion curve, 1*3; Pressure 
at the beginning of compression, 13*5 Ih. per sq. in.; Ratio of stroke to bore, 1*5 to 1. 
i' From the indicator diagram shown on p. 76 the positive work done 


~«?2) + 






The negative work on compression 


n«2— 1 


Also 




Also 


13-6 (14)^*^ = 643 lb. per sq. in., 

^ = 0-06(14-l)+l = 1-65, 


/1*66\^® 

whence i ?4 = 6431 I = 33*7 lb. per sq. in. 

Net work done per cycle 


= 144^1 


64Sx^^-33-7) 



• 


/1-66 

1 

rH j 

! 

\14 

1 

a 

1 

1*4-1 


whence 


Work to be developed per cycle - = 16,600 ft.-lb., 

16^600 1 QA ^ A. 

, «, = -g^ = l-80ou.ft. 

13 


' ; “ \ Sweptyolume- j|Xl'8 = l'67cu, ft. 

^ ,V ^ Stroke' « f^'diametere. ' / 

i j. 

' , s' ^ V'l' " ».j |.*07 


Km% 


r >■ c 


^ * f 


^ u I , 
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Ex, Air supplied and heat loss in exhaust. ^ 

The fuel supplied to a Diesel engine has a gross calorific value of 10,720 c.h.ti. per lb 
and contains 85'4 % C. and 12*27 % Hg. The average temperature of the exhaust gases 
IS 26r C. and their volumetric analysis gives COg, 5*77 %, CO, 0*12 %, 0-, 13-09 o/. 
Ng (hy difference), 81*02 %. Find 

(a) The heat carried away by the exhaust expressed as a percentage of the heat 
supplied, and 

(b) The weight of air per pound of fuel in excess of that theoretically required for 
complete combustion. 

Take the mean specific heat of the dry exhaust gases as 0*235 and atmospheric tern- 
perature as 16° C. (Air contains 23 % by weight of oxygen.) 


The weight of air supplied per lb. of fuel, see p. 614 = = 35.9 p, 

^®‘''"||x0-846 + 8 x 01227j =13.87 


Mimmum air required = 

Excess air 

Total weight of exhaust gas per lb. of fuel 
Steam formed - 9 x 0*1227 
Weight of dry gas 


= 21*73 
= 36*6 
= M03 
— 35*6 


fSs’pf'' , 


We do not know the partial pressure of the steam, but the total heat at the true 
pressure of the steam will not differ greatly from that at atmospheric pressure; hence 
the total heat in the steam 

= 2: 1 •103[(639 - 16) -b 0*^8(261 - 100)] = 774 

Heat in dry products = 35*5 x 0*235[261 - 16] = 2042 

Total heat in exhaust = 2816 

2816 

Percentage heat loss *= YTr^Tod ^ ~ 26*26 %. 

Ex. Diesel engine trial. ' (B.Sc, 1930.) 

The following set of observations refer to a trial on a single-cylinder four-stroke 
solid injection oil engine of 7| in, bore and 16| in. stroke: gross, 91*2 lb. per sq, in.; 

M.H.T. pumping, 6*5 lb. per sq. in. ; speed, 262 r.p.m. ; Brake torque, 345 lb. ft.; Fuel used, 
8*47 lb. of oil per hour of gross calorific value 11, 140 o.h.u. per lb, ; Cooling water, 13*5 lb, 
per min. raised 46° Ci > * 

Draw up a, heat balance sheet for the trial giving heat quantities in pound calories 
per minute, and calculate the mechanical and thermal efficiencies of the enginfe. 

, ' If the fuel, contained 13*6 % hydrogen (hy weight) and the air supply to the engine . 
f measur^ 3^76 ib. per min. 4fc 15° 0., estimate the heat carried away per minute by the 
' exhaust gases when their temperature is 283° C. (Assume a mean specific heat of 0;238.) ' . 

Gross ■' =91,*2 , ■ ^ s. 

PnmpmgM'.B.F.'=f 6*5 ‘ ^ ■' ' ' 

” ^ s?'’84»7^'’ ^ , ' ''/ 

15*75' ' 262 ',^ 
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Mcdianioal efficiency = 


406 

607 


Fuel per minute = 


8-47 

60 


80%. 


= 0-1411 lb. 


An per minute = 3-76 

Fuel+Air ‘ ^FMTlb. 

Steam formed — 0‘1411 x 0-135 x 9 = 0-1715 


Dry exhaust gas == 3-7296 lb. 

Heat lost in dry exhaust relative to 0° C. - 0-238 x 283 x 3-7296 = 251 
Heat in steam === 727 x 0-1715 = 124-8 

Total loss relative to 0° C. = 375-8 

Sensible heat in fuel and air entering the engine 

15[3-76 X 0 238 + (7^ X 0-141 1] =: 15-5 

g .47 360-3 

Heat supplied per minute - x 11,140 = 1573 c.h.u. 


Heat to cooling water = 13-5 x 46 

= 621 

Heat to exhaust 

= 360 

Heat to B.H.P. 

= 406 

Heat unaccounted for 

= 186 


Ex, Diesel engine. Thermal efficiency. Cylinder temperature. Heat accounted 
for. (B.Sc. 1929.) 

The indicator diagram reproduced below and the following particulars refer to a trial 
on a single-cylinder Diesel engine: Diameter of piston, 6-5 in. ; Stroke, 10| in.; Compres- 
sion ratio, 14-3 ; Speed, 256 r .p.m, ; Oil, 4-36 lb. per hr. ; Calorific value = 9500 o.h.tj. per lb 

(a) Find the thermal efficiency. 

(b) If the compression begins at 0-04 stroke and the conditions are then 90“ C. and 
13-5 lb. per sq. in., calculate the temperature of the cylinder contents at point p. Take 
blast air equal to 10 % by weight of main air and neglect molecular contraction. 
M for air ~ 96. 



(c) ^ Find what proportion of the heaf of the fuel injected is accounted for at point 
' assuming constant specific heat. 

ib’9xl0-62e» x?rxe*5»x256' 

, : Work done-pqr, minute « n — 12 x ^ x 14 0 6 x 2 ' r= 393-5 o,H.m , 


4-35 .. 


Heat"SUp]^liedper.minute^"|j-xW0sf6^^ / . 
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292 5 

/. Tlieimal efficiency - ^ 100 = 424 %. 

M . , TTX 6 5^x10 625 . 

Swept volume = ^ ^ = 0 204 cu ft 

Jf the conipie&sioii latio is based on the volume trapped in the cylinder when the 
valves aie just closed 

Volume at commencement of compiession = 0*96 x 0 204 


14 3 = ^'^®®^+'’' 

0,. 


= 0 1957 
= 0 01471 


Total cyhnder volume at the commencement ol compression - 0 2104 


Prior to fuel mjection, 

After fuel mjectioUj 
Fiom the diagiam, 


Pi = 13 5, ^h = 363. 


( 1 ) 

.{ 2 ) 


P2 = 
Vq = 


1^1 

1-21 


X 400+ 13 


3*5j = 512- 


5, 


( 


0*28 


0-01471 +~ X 0-1975 | = 0-02951. 
o / 


) 


.(3) 


1 363 

X 


it’j = 1 iMjj+Weight of injected fuel. 

By equations (1), (2) and (3), 

13-6x0-2104 

612-5x0-02951 ~I-r' T, 

Temperature at (2) = Tg ~ 1752° C, absolute. 

Weight of luel per stroke = ^ 

9500 

Heat supplied per stroke = == 5 38 O.H.u. 

J^egleeting losses, this heat should equal - Tg] Wg, where is the temperature 
at the end of blast injection, but prior to combustion, and taking pg = pg, 

PtV, = WiST,. 


But 


Tj = 1782 875. 
w^R Vz ® 0-02961 




X 1*1 


1-1x13*5x144x0-2104 


08 x 363 0-012931b. 

w,C!,[2',“2’,J = O-O1203 X 0-238[176a-878] » 2-7 o.H.tr. 

2*7 

i^oportion of heat accounted for » g;gg ^25 50 %, 
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Ex. Still engine trial. (Senior Whitworth 1924.) 

The exhaust gases of a Diesel engine weie used to raise steam at a pressme of 140 Ih. 
pel sq in. gauge This steam was used on the imdeiside of the Diesel engme piston, and 
the M.n p leferred to the oil engme volume was 6 6 lb. per sq in. The results of the lest 
weie as follows r p.m , 122; b h p., 1260, Totali h p , 1425, Average m.e p of oil engme, 
77 8 lb pel sq m , Average m e p of steam engme, 6 6 lb. per sq. in , Oil used per B n.P. 
hour, 0 356 lb. of net calorific value 10,000 o H.u., Steam used per hour, 2400 lb. Emd 

(а) The overall thermal efeciency of the plant. 

(б) The theimal efficiency of the oil engine side on an x h p. basis. 

(c) The thermal efficiency of the steam side. 

{d) The total heat per minute from the oil which was not converted into useful work 
or m raismg steam. 

B.H p. X 33,000 X 60 


Overall thermal efficiency = 


14:00 X Heat in fuel m o h.u. 

1250 x 33,000 x 60x100 
1400 x 0-356x1250x10,000 


= 39 - 77 %. 


I.H p. oil engme side = 77-8 x 
I.H.P. steam engme side = 6-6 x 


LAN 

33,000 

LAN 

33,000 


= jrx77*8. 


= iCx 6-6. 


Smee the steam engine, like the oil engine, is single aotmg, and the Still oil engine is 
a twO‘Stroke, 

Total I.H.P. = 1426 « A:[77-8-f 6-6]. K = 16-88. 

I.H.P. of oil engme = 16-88 x 77*8 = 1312*6 
I.H.P. of steam engine = 16*88 x 6*6 = 112-5 

mi. , • 1 • -j 1312-6 x 33,000 x 60x100 

Thermal efficiency oil engme side = 1406 ^ 0-356 x 1^0x10,000 = 

Steam used per hour = 2400 lb. 

Total heat in steam at 140 lb. per sq. in. = 666-2 O.H.U. 

If the engme works with a 26 in. vacuum, the sensible heat 
m the condensate = 51-0 

Heat supphed per lb. of steam = 616-2 o.H,u. 

Thermal efficiency steam engme side = X4oo^' 24;oo x6i5 ~2 

33 000 

Heat used in b.h.p. of engine = 1250 x 29,460 


Heat used in raismg steam that is not converted into b,h.p. 
616-2 x 2400 112-6 x 33,000x1250 


60 1400x1426 

Total heat to B.HJP. and in raising steam 

^ (0-366x10,000x1260) 

Heat not so employed = - — gg- = 22,360 o.b:.u. per 


= 22,290 


nrwp.. 


WIIB 
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Ex. Supercharging an oil engine. 

A mining company removes its machinery from an old mine, where the average 
barometric pressure was 29 m. Hg, to a new mine situated at an elevation of 5000 ft 
above the old mine. 

If, at the old mine, the engines developed 400 b.h.p., what will they develop at the 
new'^ 

Allowing a fall of 1 in. in the barometer, for each thousand feet rise, determine the 
size and power of a supercharger which will restore the engines to their initial power. 

An average Diesel engine consumes between 04 and 0*5 lb. of fuel oil per b.h.p. per 
hour, and each lb. of oil requires about 200 cu. ft. of air at n.t.p. for its consumption. 

Hence air per minute consumed at the old mine 

_ i— firvA 400 30 om XiL 
s= 045 X 200 X X ^ ^ 621 cu. ft. 

60 29 

At the new mine this volume becomes 


621x29 

29-5 


= 750 cu. ft. 


621 

Hence the power is reduced to x 400 — 331 b.h.p. 

The supercharger must handle 750 cu. ft. of free aii* per minute and this will absorb 
power to the extent of 

5 14-7x144 . 

30 33,000 

Allowing for the efficiency of the blower, the input h.p, will be much greater. 


Ex. Variable specific heats, (B.8c. 1936.) 

A compression ignition oil engine has a compression ratio of 14 : 1 and fuel injection 
ceases at 4 % of the stroke. Heat addition is partly at constant volume, and partly at 
constant pressure, and the maximum pressure is 660 lb. per sq. in. Assuming that com- 
pression begins at the end of the stroke and that the pressure and temperature are then 


< 3j — ^4 650 UB.Pift Sq.In. 



i. 
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13-2 lb. per sq. in. and 85® C. respectively, find the temperatures: 

(а) At the end of adiabatic compression. 

(б) At the end of heat addition at constant volume. 

(c) At the end of heat addition at constant pressure. 

Take air as the working agent and a constant value of y = 14 during compression. 
Estimate the heat energy supplied per pound of workmg agent, assuming that the 
true specific heat at constant volume at absolute temperature T is given by 

<7^ = 0*171 + 10*7 xlO-»T2. 

= 358(14)2 5 == 1030“ 0. absolute, 

P 2 = 13'2(14)^‘^ = 632 lb. per sq. in., 

y, = ^ X 1030 = 1257° 0. abaolute, 

2'i=1257x-‘. 

1>3 

^^ = U. .-.^^ = 13. 

e. = 0-04F+t>.= (0-04+*)F. 

?!^ = (0-04+A)x13 = 1-62. 

% 

= 1267x1-62 = 1913® 0. absolute. 

Heat added per lb. of fluid at constant volume 

/»1257 /*1257 

= CJT^\ (0*171 + 10-7 X lO-^iT^) dT 

J 1030 J 1030 

r / T \ni237 

= [0.171f+3.666xy]^^^^ “ 


(0,-C.) = | 


96 


1400 


.0-0686. 


0^ = 0*2396+ 10-7 X l0-« TK 
Heat added at constant pressure 

= 217*3 O.H.1T. 


r 


= j^0-2a96r+3*666x 
Total energy supplied per Ib. 
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EXAMPLES 


1. Scavenging two strokes. (I.M.E.) 

Describe briefly the principal methods adopted for charging and exhausting the 

1 Y* j .1 1 J-l- ^ 1 1 1 .1 ® 


cylinders of two-stroke engines, indicating the means by which the scavenge air is 
provided. 


2. Fuel pumps. (LM.E.) 

Describe, with sketches, one type of fuel pump for a high-speed compression-ignition 
engine, explaining carefuily how the oil charge is adjusted to the load. 

3. Solid and air injection. (I.M.E.) 

Describe carefully, and compare the relative advantages of, the ideal cycles of 
operation of air-blast^ Diesel engines and solid injection engines, 

4. Semi -Diesel. 

What methods would you adopt to reduce knocking in a semi-Diesel engine which 
operates on parapfi&n? 

5. Injection systems. 

Compare, from every aspect, solid injection with air injection as a means of supplying 
the ftiel to compression ignition engines. 

If one method is superior to the other, why is it not in general use? 

6. Marine oil engine. (I.M.I. April 1937,) 

; Internal combustion engines usmg liquid fuel now cover a wide field of power pro- 
duction. Distinguish broadly between the various types and indicate their special 
fields of application. 

' State briefly the factors to be tal^n into account in design of an oil engine suitable ' 
for marine purposes. ' , ’ ' 

t I ' ' * 

and applications of oil engines; (I.M.EJ. October 1938,) 

, Internal combnst;on engines usmg'Hquid luel now cover almost the whole range of, ^ 
|iowe!C production. Distingukh broadly between the various types and indieate their . 
fepeomi fields of Appheafcion,, . 
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9. Marine oil engine. October 1936.) 

Describe the essential features of some one type of marine oil engine, suitable for a. 
cargo vessel, including the arrangements for reversing and manoeuvring. 

10. Marine oil engine. (I.M.E. October 1937.) 

Write a short essay on either A double-acting oil engine for marine or stationary 
purposes, with special reference to the forms of combustion chamber and the igmtion 
gear; or Liquid fuels for internal combustion engines. 

(I.M.E. April 1937.) 

11. Sketch on a crank base the probable form of the pressure curve to be expected 
from a compression-ignition oil engine, and mention the important points to be noted 
on such a curve. 


12. Process of ignition with air swirl. (I.M.E. April 1936.) 

Describe the stages in the process of fuel ignition in a compression-ignition engine 
and discuss the effect on them of air swirl in the cylinder. 

(I.M.E. October 1937.) 

13 . Write a short essay on the process of combustion in airless inj ection engines burning 
heavy oil, giving the chief differences in the characteristics of these engines and those 
of petrol engines under varying loads at constant speed. 

(I.M.E. April 1938.) 

14. Discuss fully, with the aid of curves, the differences in the characteristics of 
petrol engines and oil engines respectively, especially in relation to their application 
to road transport, 

(I.M.E. October 1936.) 

15. Discuss the characteristics of the following fuels for use m internal combustion 
engines: petrol, kerosene, alcohol, crude oil. 

Describe the essential features of the engines for which they are suitable. 


16. Discuss the merits of air swirl in airless-injection oil engines, and the methods in 
use to secure this swirl. 


17. Clearance volume and compression temperature of a Diesel engine. 


The cylinder of a Diesel engine is 16 in. diameter and the stroke is 22 in. At the 
beginning of the couapfession stroke, the pressure of the air is 17 lb. per sq. in., and its 
temperature 18° C. The pressure at tbo end of compression is 000 lb. per sq, in. 

Assuming adiabatic compression, determine (1) the clearance volume, (2) the com- 
pression temperature. Oyt =* 0*238, Ct, » 0*17. Ans, (1) 0*202 cu. ft.; (2) 492° C. 


Fuel consmriptioii on gross and net LH.P. basis. 

, At fall load tbe'i.H,p, of a. Diesel engine T^^as'690. The the compressor was " 

’ on.A ii.-, r—i 'Ail etd-A, ■rra’lv'fci 'rrvoa in /fSO rt Tf-rr 





'f! M 
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19. Volumetric efficiency. (M.E. April 1930 , | 

Explain what is meant by the volumetric efficiency of an engine. 

An analysis by volume of the exhaust gas of a smgle- cylinder oil engine working on 
the four-stroke cycle with a power-stroke energy cycle gave the following results- 
CO 2 , 7-1 %; O 2 , lb‘9 %; Ng, 81-9 %. The analysis of the fuel by weight was. C, 87 y- 
Ha, 13%. 

The stroke volume of the cylinder is 0-25 cu. ft. If the engine developed 20 H.p. at 
500 r p.m. with a consumption of 0*4 lb. per H p per hr., calculate the volumetric 
efficiency. The volume of 1 lb. at jr.T.p. is 12*36 cu. ft. Aiw. 80-2% 

20. Replacement of water wheel by an oil engine. 

A company, which treats the “tailings” from local mines, drives its machinery by 
means of an overshot water wheel 15 ft. in diameter. Water, under a head of 2 ft. ig 
supplied to the wheel through a sluice 3 ft. wide and 4 in. high. Determine the h.p. of ' 
an oil engine which could take over the load during a drought. Am. 14 h,p. 


21. Cylinder dimensions for a two-stroke Diesel engine. 

Calculate the cylinder dimensions for a twin-cylinder two-stroke Diesel engme whicli ' 
has to lift 40,000 gallons of water per hour against a total head of 250 ft. Take 
the as 40 lb. per sq. in.; stroke is one and a half times the bore; pump ■ 

efficiency= 50 % when driven directly at 250 r.p.m. Am. 12 in. j 

22. Ideal efficiency. (B.Sc. 1924.) 1 

The ratio of weights of air and fuel supplied to a Diesel engine is 50. Calorific value 
of fuel == 9000 C.H.U, per lb. Compression ratio = 14. Temperature at beginning of 
compression = 60'^ G. What is the ideal efficiency of the engine? (For air, Cj, = 0*238, 
0^ = 0*169.) . Am, 60*8%. 


(B.Sc. 1931.) 

23. The swept volume of a mixed cycle oil engine is 805 cu. in. and the clearance 
volume 70 cu. in. An indicator diagram shows a mean effective pressure of 91 lb, per 
-sq. in., the pressure at the end of compression is 385 lb. per, sq. in., the maximum 
pressure is 570 lb. per sq, in., and cut off of fuel occurs at 4 % of the stroke. Assuming 
that compression begins at the beginning of the stroke and that the pressure and tern- 
perafere of the cylinder charge is then 14 lb. per sq. in. arid 90® C., find the teipperature 
(1) at the end of compression, (2) after heat addition at constant volume, (3) after heat 
addition at constant pressure. , ’ ' ^ 


24; Meaa atective pressure and Indicated feorse-power of Diesel engine, . 

T ' ' ' lB.Sq.1930.) 
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25, Bore and stroke of a Diesel engine. (B.Sc. 1925.) 

Calculate the bore and stroke of a Diesel engine which will develop 25 lh.p, at 
300 r p.m. and will have a compression ratio of 14; cut off 4*5 % of the stroke. Take 
the stroke as T25 times the diameter, and assume for the compression and expansion 
curves indices of 14 and 1*3 respectively and a pressure at the beginning of com- 
pression of 13 5 lb. per sq. in. Ans. 10| in. ; 12 J in. 

26. Oil engine test. {I.M.E. April 1938. ) 

Make a list of all the observations necessary in a test on a single -cylinder oil engine 
to establish a heat balance. 

Explain clearly one method of obtaining the air consumption of the engme. 

The heat given to the circulating water will include some of the energy used m over- 
coming the mechanical losses of the engine. Discuss this and its relationships to the 
heat balance. 


27. Oil engine trial. (B.Sc. 1936.) 

Write down a list of the observations you would make in carrying out a trial on a 
single-cylinder oil engine developing about 20h.p. at 260 r.p.m., and describe with the 
aid of sketches how you would measure the air consumption. 

Show how you would use these results to draw up a complete heat balance sheet. 
You may assume that the calorific value and the analysis of the fuel are known. 


28. Oil engine trial. (B.Sc. 1935.) 

In a test of an oil engine under fuU load conditions the following results were obtained : 

30*2, B.H.P., 24*8; Euel consumption, lb. per hr., 12*2; Calorific value of fuel oil, 
10,280 per lb.; Inlet and outlet temperatures of cylinder circulating water, 
15-5° C. and 71*2° C. respectively; Bate of flow, 10*1 lb. per min.; Inlet and outlet 
temperatures of water to exhaust calorimeter, 15*5° C. and 544° C. respectively; Rate 
of flow through calorimeter, 17-8 lb. per min.; Final temperature of exhaust gases, 
82-2° G.; Room temperature, 17° C,; Air/fuel ratio by weight, 20. 

_ Draw up a heat balance for the test in per minute, and give the thermal and 
mechanical efficiencies. 

Take the mean specific heat of the exhaust gases including vapour as 0*24. 

Am, Heat in fuel, 2090 ; Heat equivalent of B.H.P., 584 ; Heat to cooling water, 663 ; 
Heat to exhaust calorimeter, 692; Heat in exhaust gas, 67; Mechanical efficiency, 
82%; Thermal efficiency, b,h.p. basis, 27*9%. 


29. Oil engine test. (I.M.E. October 1938.) 

In a test of an oil engine under fuH-load c^on<3itions the following results were obtained: 
I.H.P,, 46; b.b:.p., 37; Ifiel, 18'61b.>p0rhr.; tJs'lorifio value of fueloil, 10,280o.H.ir,perlb,.; 
Met and outlet temperatures of’ cylinder cireffiating water, IS*’ C.’ and 71° G.; Rate 
of flow,' 16 Iplet and putlet temperatures of water to esiaust calorimeter, 

1 16° 0. and 66^ 0. Bate oMowthtpugh oalprimbter, ^7 Jb. per jfiin.; Final, temperature 
® of exhausj^ gases, 82°, 0,; Rqom temperatine,d7:° by w'eigiit, 20. 

i -Bmiir. lip 'a beat, balinpe for 'tbo test in pk^jmifiute, and give thermal^and 
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Take tke mean specific heat of exhaust gases including vapour to be 0-24. 


Heat to B.H.P. 

873 

27-6% 

„ „ P.P.H. 

188 

6-0 

„ „ cooling water 

840 

26'5 

„ „ exhaust 

1181 

37*2 

Radiation less piston friction transmitted 


to the cooling water, etc. 

88 

2-8 


3170 

II 


30. Diesel heat balance using exhaust calorimeter. (B.Sc. 1933 ) 

In a teat on an oil engine the heat in the exhaust gas was measured by means of a 
calorimeter which consisted of a number of water-cooled tubes; in this the gas in passing 
through the tubes had its temperature lowered while heating the water. 

When the engine was developing 11*3 b.h.p. the water absorbed heat at the rate of 
107 C.H.U. per mm., and the observed gas temperatures were, at exit from the cylinder 
309° C., at inlet to the calorimeter 257° C., and at exit from the calorimeter 145° C.‘ 
laboratory temperature, 18*6° C. 

Find the heat in the exhaust gas in c.h.tt, per min. above the room temperature on 
the assumption that the specific heat of the gas was constant. 

The fuel consumption during the test was 5*141 lb. per hr.; calorific value, 10,140 
o,H.Tr. per lb. and the cylinder jacket water was 8*2 lb. per min, with a rise of temperature 
of 34° C. Make out a heat balance for the test. 


Heat to engine per min. 

« 870 

„ „ B.H.P. 

= [266 

„ „ circulating water 

= 278*6 

„ „ exhaust 

= 1278 

Total 

= 822*6 


Heat to friction pumping and unaccounted for = 47-4 

870 ^ 


31 « Relation between indicated horse*>power, brake botse -power, etc. 

(B.So. 1934.) 


In a test of a six-cylinder oil engine 4*3 in. bore and 6*3 in, stroke, running at constant 
speed, the following data were obtained: 


/ Test 
number 

— 

’ 

b.]h:.e.p. 

B.H.P. 

Fuel 

lb. per hr. 

'1 ' ' 

^ 1813 ‘ 

' 4-1 

6*2 

14*1 

. ‘2 - 

1816, 

18*9 

24*2 

19*6 . 

3 

, 1814' 

38*6 

40'1 

' 26*8 

4 

1811 , 

’ 67'8 ' 

73*1 

' 33*7 

, 5- 

1807' . 

. . 74'9 . 

^ 96*0 ' 

41*7 , 

; .'6 ’ 

'ito; ' 

88'5 ' 

, 1X3*0 

63*2 
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The Stirlii^g boiler, 1918. 

The boiler is an example of a water tube boiler in which the tubes are 

of smaller diameter than those used in the Babcock and Wilcox boiler; they are 
more numerous, and are bent, this being modern practice on highly rated boilers 
(10,000 H.P. per boiler). 
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The advantages of bent tubes are: ] 

(а) They are moie flexible. 

(б) The boiler is headerless and smaller, therefore lighter. 

(c) More latitude is available for arrangmg the heating surfaces. 

Bent tubes, however, are not so easily cleaned and inspeeted as m the straight- 
capped tube, and if one tube bursts it is not so easily plugged. However, both 
bent and straight tube types are well established, and there is little to choose 
between them from the point of view of efficiency and general utility. For large 
boileis the tendency is towards bent tubes of small bore. 

The feed is delivered from the economiser into compartment A (Fig. 358) 
which 18 fitted with baffles. The rear baffle deflects the feed down to the mud 
drum B through about one half of the rear bank of tubes. As the mud drum 
is not subjected to a high temperature, deposits which settle out from the feed 
water in this drum can cause no harm. 

A longitudinal baffle in drum B deflects the purified feed into the remaining 
half of the rear bank of tubes through which it rises, by thermo-syphonie 
action, into A, 

The front portions of drums A and B, together with drum G, form the main 
circulatory system. The high temperature and inclination of the front tubes 
cause this bank to be responsible for more than 85 per cent, of the total 
evaporation. Steam and hot water discharge from these tubes into G and are 
replaced by a flow of water from A to B down the vertical bank. 

Balance of water and steam is obtained by the horizontal tubes which 
connect drums A and G; the main steam connection being taken from A, since 
here conditions are more favourable to the production of dry steam. 

It will be observed that the superheater D is incorporated in the Vee of the 
triangular carculatory system. 

Economiser. 

With a view to recovering some of the heat from the flue gases the feed water is 
first circulated through an economiser before entering the compartment A, 

The essentials of a good steam boiler. 

(1) It should he absolutely reliable, and it should produce a maximum weight 
of steam for a minimum fuel consumption, attention, initial cost, and repairs bill, 

(2) The boiler should meet rapidly wide variations of load, it should be capable 
of qmok starting, light in weight, and it should occupy small space, 

(3) The joints should be few and removed from flame impingement, and should 
he accessible for inspection, Defective tubes should be easily plugged, 

Mali and other deposits should not collect on the heated plates, and the 
^^^^^ ^suAce and tubes should be so disposed as to prevent priming* 
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(5) To secure a high idle of heat traiisiui'^sion the water and gas circuits 
should be designed to allow a maximnni flmd velocity without incuiiing heavy 
fiictional losses, 

(6) The refractory material should be reduced to the very minimum, but it 
should be sufficient to secure easy ignition and smokeless combustion ol the fuel 
on reduced load. 

(7) The tubes should not accumulate soot or water deposits and should have 
a reasonable margin of strength to allow for wear or corrosion. A rapid (irculatioii 
IS fair insurance against this, although m addition it is advisable to fit wcll- 
positjoned soot blowers supplied with compressed air in preference to steam so 
as to hmit the possibility of tube corrosion. In marine boileis the effect of salt 

m the feed should be considered as it is often impossible to shut down the plant. 

« 

(8) High pressure drums are heavy and costly, and therefore should he as 
few as possible, but some reservoir is necessary to prevent priming. 


t The choice of a steam boiler for stationary work. 

The selection of the type and size of boiler depends on* 

(а) The power required and the working pressure. 

(б) The geographical position of the power house. 

(c) The fuel and water available. 

(d) The probable permanency of the station. 

(e) The probable load factor. 


For moderate powers and pressures, where fuel, water and attendance may be 
) indifferent, the externally fired shell and fire tube type is to be recommended on 

I temporary work — or the economic for more permanent v ork. 

For large powers, where weight and space considerations are important, the 
water tube type of boiler is to be recommended. 

^ EXAMPLES 

1. What are the considerations which would guide you in determining the type of 
, boiler to be employed for a specific purpose ^ 


>. Describe the Lancashire boiler. Explain why it is stiff widely employed in some 
jdustnal districts. 

What are the special features of the "Return Tube” boiler which render it 
iopular for temporary work where coal is scarce^ 

f 

il. How may the properties of ash and cinders produced from a given coal be affected 
the conditions in the boiler plant? Enumerate the properties of a satisfactory ai>h. 

L Describe briefly some type of shell boiler, giving a list of the fittings and auxiliaries 
pioh would be desirable in practice. 


45 



706 SUam Boilers I 

6. Classify the various types of boilers met with in practice. What type be ' 
preferable under the folio wmg conditions * 

[a) Mountainous district, water plentiful but lime content high, large output required 
{b) Easy transport, high pressure, good water supply. 

Give reasons for answers. I 

7. What are the modern tendencies in boiler design? Show how these are reflected on ' 

the efflciency and output of the plant. f 


' 8 . Compare the advantages and disadvantages of straight water tubes and bent water 
tubes when used m high-pressure boilers. 

(B.Sc. Part 1, 1938.) 

9. Describe, with sketches, a Lancashire boiler, showing the path of the flue gases to 
the stack and the relative position of the economiser and superheater. 

MODERN DEVELOPMENT IN STEAM BOILER# ‘ 

‘'We’re creepmg on wi each new rig, less weight an’ larger power; 

There’ll be the loco-boiler next and thirty knots an hour.” 

Rtjdyaed EjpLiNa. 

At the time that Kipling wrote these lines the “ Loco-boiler ”, owing to lack 
of balance of the engine mechanism and the imperfection in the track, rather than 
to any intrinsic excellence, gave a greater output of steam than did any other 
boiler of equal weight . 

That this boiler, almost identical in shape with that employed in Stephenson’s 
Rocket, should be the boiler of the future must seem absurd to any unprejudiced 
engineer. Long ago it was realised that flat surfaces should not be subjected to 
pressure, and that there is no need for the boiler to contain more water than will 
run the engine at full load for a few minutes. 

In view of these points water tube boilers have been constructed in which the 
water circulates through small diameter tubes that give rise to great mechanioal 
strength, lightness and large heating surface. In addition, the combustion cham- 
ber is not limited in size by the dimensions of the steam and water drum, and so 
it can be designed to secure efficient combustion. The boiler is also free to expand, 
ahd because of the large ratio of heatup surface to water content, the boiler can 
. readily meet changes in load. 

Dp to, the present time the number of water tube boilers that have been in- 
- ' vented, of which many have been made, is almost legion, and the disposition of 
^ . the tnbes'is often sq complicated that, ,to the uninitiated, a working drawing 
, Conveys piothimg; In yiew of this the author has sketched in fig; B69 a diagram- 
iatio arrangement of a typical modem , water tube natural droulation boilen 
; \ a nondescript, but wll serve to show the, flow of fuel, afr and water, 
y bbller of thiS',tyj)e;iS'<i^eh; 

self-contained poweyA^ 

I'jj h Jl . ^ ±d. 2.JL. 2. ^ ^ A ' Aft fn 
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A large output Irom a single boiler means the consumption of large quantities 
ol fuel and an* in a limited space. To achieve this the chemical action must be 
lapid, and elementaiy chemistry shows that reactions are only rapid when the 
ingredients aie finely divided, intimately mixed, and, if possible, pre-heated 
For this reason gaseous and liquid fuels have an advantage over soHd fuel, but 
since the world’s supply of solid fuels, esjiecially in the form of slack coal, is 
^0 much greater than that of all other forms, we will consider a boiler supplied 
with this fuel. 

If one is prepared fco stand the expense of powdering the slack coal, and ol 
separating the dust from the flue gases, the ideal method of burning solid fuels 
in the pulveiised form may be realised, but at the present time mechanical stokers 
have advanced to such a state that it is advisable to pulverise only low-grade 
fuels. 

The mechanical stoker shown in Fig. 359 is of the multiple retort type, and 
consists of coal pushers which alternate with hollow air-cooled slicing bars. The 
vibrating pushers advance the fuel towards the ash-hopper, whilst the slices 
lift the fuel to allow a horizontal blast of pre-heated air to bring about rapid 
combustion of the fixed carbon, the volatile matter being consumed by secondary 
air. As combustion proceeds the thickness of the fuel on the pusher and sheer 
bars diminishes, and the fire would be blown into holes were it not for the fact 
that the air pressure beneath the bars is reduced. 

A continuous supply of fuel is ensured by rams which are driven slowly by a 
crankshaft that also operates the pusher and sheer bars. On the forward motion 
of the rams the fuel, which has gravitated from a hopper, is forced into the spaces 
between the slicing bars and is gradually advanced and lifted by the coal pushers. 

The heat release in a combustion chamber of this type is so great that with 
natural circulation unprotected water tubes would blister, and uncooled refeaotory 
material would melt. To avoid these difficulties the unprotected water tubes are 
removed from the intense radiant zone, by making the combustion chamber large 
and backing its refractory walls* by closely pitched water tubes which contribute 
largely to the evaporative power of the boiler by utilising the radiant heat. 

After passing the first banlc of water tubes the fiue gases are cooled to such an 
extent that they can safely traverse the superheater without damage. A second 
hank of water tubes completes the boiler proper, in which only the latent heat 
and superheat of the steam is suppled. The sensible heat is furnished by an 
economiser which is placed in series with the cascade heaters on the turbine. 

The fiue gas now finally passes through an air pre-heater, f where the air, wMck 
*is to’support subsequent combustion, has its temperature raised to about 300° F. 
If this temperature is exceeded, the coal tends to distil and choke the air passages. 
With pulverised or oil fuel, however, this temperature may be increased to about 
500 *’!. 

M j ^ ^ Thfe type of fomacs© well is known as a ‘‘Bailey ” waU, the tubes being protected from 

K i ^ ^ bfiSiieritlg by a farijag of oast-iron blocks. 

^ jfeed haatiug produces such high feed temperatures that economisers 

the gas temperature to its econonno limit. Air heaters are therefore 
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On leaving the air heater the flue gas is sucked into an induced draught fan 
flora which it is discharged into a dust extractor, and may even be washed witli 
lime water before expulsion to the atmosphere. 

By airanging the various components in series, as shown in Fig. 359, the boiler 
acquiies considerable height, which is not objectionable as far as accelerating 
therrao-syphonic water cit'culation goes, particularly when a great diffeicnce in 
density is secured by leaving the downcomers unheated; tho cost of the site is 
also reduced but structurally the arrangement is unsound, so that frequently the 
height is reduced by placing the economiser and air heater side by side. 

Forced circulation boilers. 

To increase the rate of heat transmission in boilers it is simpler to employ 
high water velocities rather than high gas velocities, because a smaller quantity 
of fluid is dealt with, and a considerable increase in pressure is more easily 
produced with water than with gas. 

Moreover, as the pressure of steam increases its density increases, whilst the 
corresponding increase in temperature causes the density of the water to decrease. 
This double change reduces the thermo-syphonic head upon which natural cir- 
culation depends, so that a point is reached where forced circulation becomes 
imperative. 

There is nothing novel in the idea, because, for more than a century, large 
I fire tube boilers have had the water circulated through them, during the lighting 
j up period, by means of pumps or injectors. 

j It was in 1856 that Martin Benson of Cincinnati constructed the first con- 
tinuous forced circulation boiler, and since that time La Mont (1925) introduced 
a forced circulation boiler which is used in Europe and in America. 

The circulation dia tjj ' "is shown in Fig. 360. 

Water is supplied <> .' economiser to a separating and storage drum 
which contains a fe * / /: that controls the speed of the feed pump. 

From this drum a oent*^ * pump circulates about 8 to 10 times the quantity 
of water evaporated through a water wall of which the sides of the combustion 
chamber are composed; after this the steam and water pass on to a network of 
tubes placed m the uptakes before being restored to the storage drum and the 
released steam then passes to the superheater. 

To secure a uniform flow of fluid through each of the parallel boiler circuits a 
choke is fitted at the entrance to each circuit, the diameter of the chokes being 
chosen to give the same discharge from each circuit,* ^ 

The principal advantages of forced circulation boilers are: 

(1) Smaller bore, and therefore lighter tubes, 

(2) Beduotion in tho number of drums required. ’ 

III 

[ * For a desoripUou of a La Mont boiler recently installed at Glasgow see Wngine&Hngr 

* October 7, 1938, p,4U. 
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(3) There is greater fieedom lor disiJOfeing of the heating surfaces, and henc 
greater evapoiation for a given size 

(4) Lighter lor a given out]mt. 

(5) The hoiler can meet lapid changes of load without the use of comphcate 
or delicate control devices. 

(6) If an external snpiily ol powei is available a very lapid stait fiom cold 
possible Hence the boiler is suitable br oairying peak loads, or for stand-l 
purposes m liydiauhc stations. 

Ch mnfv 



(7) Absence from scaling troubles, especially if storage drums arc provided 

Against these advantages must be placed the cost of the pumping equipm( 
and the power required, and the fact that the safety of the boiler depends entir 
upon it. 

The Benson hoiler . 

At one time it was thought that the rate of heat transmission from flue gas 
water was seriously impaired by the presence of steam bubbles in contact w 
the plate, and that the release of these bubbles caused the water circulation 
phlsate; this in turn tended to initiate priming*. 

* y. Davies, phy&ioal aspect of steam generation at high pressure, and 
psohlem of steam contamination,” Pfoo, Xnei, Mwh. JEng. vol. axxr? (3940), p. 198. 
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IVlciik Beijfeon, m 1922, aigued that if the hoiler pressme were rai&ecl to the 
ciiiical (322C lb pei sq m ), the steam and water would have the same density, 
cind therefore no bubbles would form, so that the previous defects would be 
absent 

In the constiuction of this boiler many difficulties weio encounleied, but the 
major difficulty was discovoied when operating it with anything but distilled 
water. Heavy depositions of salt occuiied m the tiansformation zone from water 


Chimnev 



into steam, and, because of the reduced value of entropy at the critical pressure, 
the steam rapidly became wet when expanded in a turbine, thereby causing 
erosion of the blading (see p. 494) ^ ^ 

To obviate erosion and provide a more moderate working pressure the steam 
was throttled to about 2000 ib. per sq. in. with temperature reduction of about 
80"f. 

The flow oicouit of the Benson boiler is shown in Fig. 361, where it appeaijs as 
a single tube of great length; actually the boiler consists of many parallel circuits 
which yield a thermal efficiency of about 90 %. 
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(3) There is greater freedom for disposing of the heating surfaces, and hence [ 
greater evaporation for a given size. 

(4) Lighter for a given output. 

(5) The boiler can meet rapid changes of load without the use of complicated ' 
or delicate control de'^dces. 


(6) If an external supply of power is available a very rapid start from cold is 
possible. Hence the boiler is suitable for carrying peak loads, or for stand-by 
purposes in hydraulic stations, 

Chimnev 



(7) Absence from scaling troubles, especially if storage drums are provided, 
Against these advantages must be placed the cost of the pumping equipment 
and fhe power requned, and the fact that the safety of the boiler depends entire(y 
upon it. , ' , ' 




The Behison boiler. . 
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Mark Benson, in 1922, argued that if the boiler pressure were raised to the 
critical (3226 lb. per sq. in.), the steam and water would have the same density, 
and therefore no bubbles w.ould form; so that the previous defects would be 
absent. 

In the construction of this boiler many difficulties were encountered, but the 
major difficulty was discovered when operating it with anything but distilled 
water. Heavy depositions of salt occurred in the transformation zone from water 


CwtMMEV 



into steam, and, because of the reduced value of entropy at the critical pressure, 
the steam rapidly became wet when 625panded in a turbine, thereby causing 
erosion of the blading (see p. 494). ' , - , 

To obviate ferdsion and provide a more moderate working pressure the steam 
was thrnttled' to about 20001b. p6r'Sq.'m. with temperature reduction of about 

, ; , ' ‘ 

. ^he flow circuit of the Benson boiler is shown in 301* where it appeals as 

a single tube of great length; actually the boiler cpnsists of many parallel circuits 
wmohjneldath^rmai^^ , 



Bteam Boilers 


712 


Monotube boiler. 

The Sulzer monotube boiler is an example of a modern boiler using but one 
tube almost a mile long There is no fixed surface of separation between the steam 
*and water, the economisei, boiler and supeihoater being in seiies, and since the 
storage capacity of the coil is very small, accurate control of the fuel air and watei 
supply is an absolute necessity. To lacilitate contiol and remove some of the salts 
in suspension the coil is somctunes bled at an intermediate point 
Expenence lias shown that for the bebt lesults with monotube boilers the ratio 

n/ should not exceed 30,000. Even then the feed pressure must 
Tube diametor ^ 

exceed the steam j)rc&&ure in the boilei by about 40 % in older to overcome the 

resistance of the tube. 


Indirectly heated boilers. 

Anyone who has had experience of domestic boilers su])plied with watei from 
moorhind or challcy districts will appreciate how quickly the heatmg capacity 
falls off, or how discolouied the hot water becomes in a very short time. To avoid 
these troubles indirect heaters (Fig. 302) wore introduced many years ago The 
boder A and coil B are supplied with pure w^ater from tank C, whilst the impure 
water is introduced into cylinder D. 





\ 


( 


i 

I 

f 

1 


t 
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In this arrangement the boiler may be of cast iron, and the heating cylinder 
of copper, an arrangement which entirely prevents corrosion, and, owing to the 
|$4loed temperature head across the heatmg coil, salts deposit less slowly and 
cake so firoly on the coil; in fact, they can be readily removed by heating 
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If such a procedure is necessary with boilers which heat but a few tons of 
water a year, how much more important must it be with boilers which evaporate 
hundieds of tons of water per hour into high-pressure steam which itself may 
carry destiuctive acids into the turbines. 

The “Schmidt” and the “Loeffler” are high pressure indu’ectly heated boilers 
wliich have been introduced to overcome these difficulties. 

Schmidt -Hartmann boiler. 

This boiler is very similar to an electrio transformer, in that two pressures aie 
employed to effect an interchange of energy. 

In the piimary circuit steam at 1400 lb. per sq. in is produced from distilled 
water, and, after traversing a separating drum, it enters a submerged heating coil 



which is located in the evaporator drum. The high-pressure steam in this coil 
possesses sufficient thermal head to produce steam at 860 lb. per sq, in. with a 
heat transference of 600 b.t.it. per sq. ft. per degree F, per hour. 

The steam produced from the impure water is usually removed to a superhe^er 
placed in the uptakes, the high-pressure condensate, on its way to4ihe 
water drum, is circulated through a low-pressure feed pre-heater, wMch raises 
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the feed water to satuiation temperature; so that in the evapoiator only the 
latent heat is supplied. 

Natural circulation in conjunction with high gas velocities are relied on for 
supplying the desired late of heat transference, and by using unheated down- 
corners it is possible to produce circulating velocities of 1 *5 to 2*5 f.p.s. for thermo- 
syplionic heads of about 8 and 33 it. 

In normal circumstances the primary circuit will not require replenishment 
of its distiUed water, hut as a safeguard against leakage or the safety valve 
lifting a combined pressuie gauge and thermometer is fitted. I 

When the thermometer indicates a temperature in excess of the saturation | 
temperature distilied water is transferred from the low-pressure to the high- 1 
pressure side of the circuit by closing valve B and opening valves G and D on j 
vessel A ; this manipulation balances the pressure in A and allows water to gravi- j 
tate to the primary separating drum. To replenish A valves C and D are closed 
and B opened, so that secondary steam condenses in the uninsulated storage 
drum A, I 

Main advantages of the Schmidt boiler. 

(1) Since the highly heated components contain only distilled water they will 
not burn out due to internal deposits, neither will the circulation be interrupted 
by rust or other material. 

(2) The impure feed water is external to the heating coil, so that deposits can ’ 
be brushed off on removai of the coil ffom the drum. The large-sized manhole | 
necessary to pass the complete heating coil*s involves considerable thickening | 
of the drum. 

(3) High thermal and water capacity of the boiler allows wide fluctuations of i 

load without undue priming or abnormal increase in the primary pressure, when 
the load is suddenly increased or reduced. j 

(4) The absence of water risers in the drum, and the moderate temperature 
difference across the heating coils, allows evaporation to proceed without priming. 


The Loeffler boiler* 

In this boiler the advantages of forced circulation and indirect heating are 
employed; but the most radical departure from modern practice is that steam is 
used as the heat carrying and heat absorbing medium. 

^ To^reduce the size and power of the turbo-circulating pump and of the boiler, 
and also to improve the rate of heat transmission, the steam is circulated through 
the heating coils at a pressure of about 1700 lb. per sq. in.* where it acquires a 
temperature of approximately 900® F. 

A portion of this steam is tapped off for external use, whilst the remainder 
jpafeel on to the evaporator drum, where, by giving up its superheat to the water 
tn this tom, an amount of steam is generated equal to that tapped off 

If#*!-? 
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The nozzles which distribute the superheated steam throughout the water arc 
of special design to avoid priming and noise; so that the boiler can carry higher 
salt concentrations than can any other type and is more compact than indhectly 
heated boilers having natural circulation. These qualities fit it for land or sea 
transport power generation. 



The Velox steam generator.* 

Research on high velocity gas fiowf has shown that when the velocity of the 
gas exceeds the velocity of sound in the gas heat is transmitted from the gas at a 
much greater rate than an extended theory, applicable to moderate gas velocities, 
would suggest. 


From p. 332 the velocity of sound in a medium is given by 
produce this velocity the pressure drop pa !Pi ^ given by 




Pi 


and to 


and 

Pi pV 


2 \ y 

Pi *^17+1/ 

* Tor the application of this boiler to a I^ench locomotive, see WngiMfingt M^oh 1, 
1940. 

t In comiection with gas turbines by Brown Boveri, 
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Taking atmospheric pressure as 15 lb. per sq. in. 

==i:28'3 lb. per sq. in.; 

henoe any pressure in excess of 30 lb. per sq. in. will inpart a velocity to air 
greater than the velocity of sound in air. 

In the Velox boiler air is compressed to 35 lb. per sq. in. before being supplied 
to an oil fuel burner. The object of this compression is to secure a very high gas 
velocity, and also a very great heat release {900,000 b.t ij. per cu. ft, of combustion 
space per hour), and although a very compact steam generator results, yet its 
size is limited to an evaporation of about 100 tons of water per hour, because, at 
this output, 6000 b.h.p, is required to run the compressor. 


Tanaential 
O iSCHAfWE .< 
or Steam AND 



..Oiu Burner 


Contra-Fww 


Economiser 


FEED Rina 


CtRCUVATtHO 




Feed Pump 


lih^ HorWELu 


Fig, 365. velox boiler. 


Eeferring to^Fig, 365, fuel and air are injected downwards into a vertical 
combustion chamber (^), w^ch is walled by hollow evaporator tubes (3). Only 
.one; oil burner is fitted, and variations in load are efieoted by raiying the jet area 
' or^ in ;ifie'casb of air infection burnots* M ^ throttled. 






fcpor^tpr tubes- py means oi a spiral warer, com 
ih;Fig. 366^ ^hWe 'it wifi 'foseeu 
’iifoufiih wlidhldlo ^O/tinaes the'.'watk 
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The core of the lower half of the evaporator tube or element is occupied with 
a central pipe which supplies water to the outer annulus, whilst the upper half 
is occupied by U-type superheater tubes. In the space between the inner pipes 
and outer annulus, the flue gas rushes at a speed of about 
1000f.p.s. 

A ring main (4) collects the steam and water, and dis- 
charges it tangentiafly into the separating chamber (5); 3 ■ 
a forced vortex is formed, which, by centrifugal loading 
on the water particles, allows a steam release, without 
priming, about two hundred times as great as in boilers 
of normal design. The dry steam then passes up the 
central tube (6) to the superheater ring main, w^hich 
distributes it to the various superheater elements. The 
separated water falls into a mud drum, jfrom which it is 
extracted by means of a circulating pump that sets up 
a differential pressure of about 25 lb. per sq. in. 

J in creating a high 
’!;or tubes. 

ithe flue gas, which 
, 900° F., enters an 
p. axial type of air 


w 



This pressure different 
water velocity through 

After traversing t’ 
is at about 31 lb. 

exhaust gas turbine . ' ^ 

compressor, an alternative t. “r ~*'m ve being provided 
for starting and for carrying a sma \^ortion of the load 
in order to obtain a rapid response to changes in boiler 
load. With the turbine driving the compressor, and the 
compressor supplying the turbine, we have a conserva- 
tive system. 

The turbine exhaust is passed through a counter-flow 
feed heater, where the gas temperature is dropped by £ 
about 200° F. in pre-heating the feed, which is discharged ® 
tangentially into the separating drum. No attempt is 
made to extract more heat from the exhaust gases by 
pre-heating the combustion air, since on compression 
this air attains a temperature of about 300° F., and, to 
pre-heat the free air, ' would almost certainly involve 
compressor trouble. 

Although the efficiency of the compressor is about 70 %, and that of the turbine 
about 80 %, giving an overall efficiency pf 66 %, which means that the com- 
pressor demands about 26 % of the power deyeldped by the boiler, yet this is an 
internal loss', and will not a&ct the thermal efficiency of the whole plant. 

^ ' The Veloxusit is a vejy compact steam generating machine of great flexibility. 
It is bapahl^ of qiiiok ’starting, even thongh the ‘Separating dram has a storage 
' fmp^&y of one^eighth of tie jmax i mum hourly output* '; ' 



■tt 


'w 


Fig. 366, 
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The control is entirely automatic, and a thermal efficiency of about 90 to 95 % 
is maintained over a wide range of load. 

At the present time only gas or oil firing is employed, because it is thought 
that any grit suspended in the flue gas would have a sand-blasting action on the 
interior of the boiler. 

Revolving boilers. 

In the Velox boiler the hot gases moved rapidly over a stationary surface; in 
the revolving boiler both the gases and the surface move, in fact the boiler con- 
denser and power component form one highly compact rotating power unit 
which is well suited for the propulsion of aircraft, 

Eig. 367 illustrates the principle on which the boiler is constructed. A large 
number of U-tubes are welded to a hollow spindle, which is rotated in the com- 
bustion chamber. 



The effects of this rotation axe: 

. (fit) Tp produce a rapid rate of heat transmission. 

{b) To (flspehse with the feed pump and feed regulator, the water being flung 
into the M-tubes by centrifugal force. 

(e) To prevent priming by applying a centrifugal force to the separation 
sWface of the water and steain many times in excess' of the gravitationarpull. 

‘ 'The hiahf difficulties which arise with this type of boiler are: , 

of maintaiiflnfe m’ecffianical balance in view of the creep 
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If the trouble from mechanical balance could be overcome, this generator 
would be suitable for purposes where light weight and compactness are of prime 
importance, but close speed regulation is not required. 

Huettner rotary power unit. 

This prime mover, which is shown in Fig. 368, is of great interest because it 
represents a self-contained and completely automatic unit. 

The boiler (1) consists of finned U-tubes, and is integral with the turbine and 
condenser casing, which is geared to the turbine spindle so that the two revolve 
in opposite directions at different speeds. 



By this gearing a high relative veloeify is produced for a moderate rotational 
speed and turbine diameter. The boiler speed is fixed by the desired working 
pressure (see p. 471), and having decided on this the turbine spindle must be 
‘ arranged to run at a speed which will give the best velocity ratio (see p. 425). 

Since the steam is unsuperheated, precautions have to he taken against blade 
erosion by providing dramage belts at each stage. These belts communicate with 
the water 1% of. the boiler, and are virtually bleedmg points; so that the actual 
^ efficiency of the machine should approach that of the Carnot cycle. 

, To condense the steanl and remove any air in solution cooling water is intro- 
I . , ‘ duced into the, through pipe (2). ' ' / ' ! v ‘ - 

I v 'lBotatioh of thf? casing filings the Vater through a nozi^le ring ipto, the steam 
K ' Ujiaoe of the turihe, ’whe^e'rapi4pdn4wati^^ in. cha3piher* (^). 
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After cios&ing this chambei the water and entrained air pass through divergent 
nozzles which laise its pre&suie to atmospheric The surplus water collects in an 
annular ling (5) until it oveiflo^vs a iim into a stationary catch iing which runs 
it to waste. 


BIBLIOGRAPHY 

G T. Mabrineb ( 19H7-8) “Mceharucal stokers for maime boileis ” T?an9. Inst. Mai . Bmj 
vol. xLix, p. 29. 

tS McKwen (1937-8). “The Loeffler boilu nistallation m th( s.s. ‘Conte Rosso’,” Trans 
Inst Mar. Wnq vol. XLix;, p. 65. 

A. L. Mlllanby (1038-9). “Sor\n.co r(‘sultswith high pressuio boilers.” Ttans.Imt.Mai 
Eruj vol L, p. 51. 

R. E. TBLVWJiiicjc (193S-9). “Eoioed (ucuiation boilcis and their application for marine 

pmpo'sos ” Trans. N.£}. Coast Inst. Engineeis and ShiphuilderSf vol. lv, p. 61. 

(1935-6). “A yymposium on high piessuie boileis ” Tiam. Inst. Mar. Eng. vol 

XLVii, p. 63, 

W. M. V^HAYMAtT (1936-7) “The coal bred marine boiler.” Ttans. Inst Mai. Enq, 
vol. XLvm, p. H7. 

S. J Thompson (1943). “Boilers— past and present.” Ptoo. Inst. Meek. Eng. vol. GXLvm, 

p, 132. 

H. E, Dobby (1930). “Tubes lor high pressure water-tube boilers.” Tiam. Inst. Mar 
Eng. vol. XLH, p. 839. 

W, T. Bottomley (1932-3). “Radiation in boiler furnaces.” Trans, N.E. Coast Inst. 
Engvtmis and Ehiphmldtrs, vol. xlix, p. 113. 


Pulverised fuel. 

Pulverised fuel may be defined as any carbonaceous material which has been 
dried and reduced to an extremely fine powder, and, after mixing with air, is 
burnt in a furnace. 

Apart from dust available from ooUiery screens, and some manufacturing 
processes, the coal must be dried, crushed and ground, at a cost which varies 
between C pence and 24 pence per ton. In view of this, pulverised firing must 
possess some distinct advantages over other methods of firing solid fuels. Briefly 
the advantages are as follows: 

(1) The surface area is increased in almost the ratio 400 to 1, so that high rates 
of combustion are possible, and a much smaller quantity of air is necessary than 
when fuel is burnt in lump form. 

(2) The smaller quantity of excess air, and more intensive mixiug of the fuel 
and the air, produce a high furnace temperature with little smoke. 

(3) Fuels of high ash content may be burnt, provided the fusing point of the 
ash is not too low. 

(^) Increased rate of evaporation, and increased boiler effioienoy. 

(5) Sasier steaming, and greater capacity to meet peak loads. 

(6) |3taud'-by losses on banked fires are avoided. 
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Defects of pulverised firing. 

(1) The installation is expensive in fct cost and repairs, and unless the 
calorific value of the fuel is less than 9000 b t ir. per lb., or the fuel is available m 
powdered form, it usually pays to instal mechanical stokers in preference to 
pulverised fuel equipment. 

(2) The high furnace i eniperature, and the fluxing effect of the ash and unburnt 
fuel, cause fairly lapid deteiioration of the refractory surface of the furnace. 

(3) It IS very difficult to remove, economically, the fine dust which is suspended 
in the flue gas. 

(4) Fine regular grindmg of the fuel, and even distribution to each burner, 
are difficult to achieve. 

(5) The improved combustion means a higher thermal loss in the flue gas unless 
air heaters are fitted. 

(6) The system is not as reliable as hand firing, and skilled attention is im- 
perative if danger from explosion is to be small. 


Operation of the system, 


(1) If the fuel exceeds one inch in diameter it must be passed through a 
preliminary crusher. 

(2) The fuel is then passed over a magnetic separator in order to remove any 
iron which might be present, and which might damage the mill, cause the ash to 
fuse, or cause sparkmg in the pulveriser. 

(3) The coal is then removed to a bunlter, which provides a reserve of fuel to 
meet contingencies. 

(4) From the bunker the fuel is passed to a drier, where the moisture content 
is reduced to about 2 %. Drying of the fuel is essential to reduce the effort to 
pulverise it, to facilitate storage and conveyance, to minimise the risk of spon- 
taneous combustion, and to reduce the amount of water evaporated in the furnace. 


(6) The fuel is delivered to the pulveriser, which reduces its size by the applica- 
tion of a shearing force. The mills are of three types: 


{a) The impact mill in which weights fall on to the fuel. 

(6) Roller or ball mills in which the fuel is supplied to a revolving drum 
containing rollers or balls. 


(c) Chopping or attrition mills. * 

(6) The fiiel is drawn from the pulveriser and classified by a fan, which is often 
incorporated in the pulveriser itseff. 

The fuel, when puffed up with air, will flow like a fluid, ^ and, by correct adjust- 
ment of the velocity of the air, oversized particles of fuel fall out of suspension 
and are returned to the mill. 
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Tlie air which effects transportation of the fuel is known as Primary air and 
it may vary in amount from 10 to 100 % of the air required for the complete 
combustion of the fuel. 

(7) The disposal of the air-borne fuel depends upon the system of firing 
employed. 

In the older Central system of firing the fuel is removed to bunkers placed 
over each boiler from which screw conveyors, operated by variable speed motors 
convey the fuel to the burners. 

Primary Air 



Pig. '369, 


In the Unit, system, where each boiler has its own pulveriser, the air carries ' 
, , t^ie fuel to distributipn boxes wl^ch' by the use of adjustable knives, produce 

, . . V ; ,rtibiffemmi^ and air, and distribute it to not more than four humers 
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produce sufficient turbulence to sweep away the gases from the fuel as it distils, 
and to complete combustion in the length of the furnace.*^ 

In the streamline type of firing the fuel and air are projected downwards at a 
velocity of about 100 f.p.s, into a large combustion chamber from apertures 
placed in the top. Secondary air is admitted tlrrough openings in the side wall 
(see Fig. 370), and thus, together with the chimney draught, deflects the flames 
upwards before they reach the water screen. The heavy particles of ash gravitate 
through the water screen, which chills them, prior to collection in an ash hopper. 



Fig. 370. Streamiine firing of pulverised fuel. 

The small amount of draught, and the even distribution of fuel from the 
multiple burners, cause the incandescent particles of fuel to resemble falling snow. 

The principal objection to the U-shaped flame is the very large combustion 
chamber required; for this reason the tendency is to fit turbulent burners, an 
example of which is the Lopuloo i2-type (see Fig. 369). 

In this burner the fuel and air are swirled by deep spiral ribs, which are fitted 
•in a conical barrel. The secondary air is swirled around the primary, and its 
amount is controlled by dampers. , 

( t 

Removal of dust from the fliue gas, 

. The suspended dust may be partially removed by one of the following methods: 
X (Z) Mechanical scsparation, in which the velocity of the gas is redu'ced So 
’'^'at the larged particles of dust fall out of suspension, 6r an accelerationis, imposed 
' upon the' gas, with the object' of flinging the“dnst particles out of suspension, 

' . The %st 70 or 80% of heat in a fuel ii easy to liberate, since it eotnes mainly |pom 

' 'the vol^tfleuohttituentSiOf tWf^^^ the remainder is ^oult, since, it opmes hrom^ed 
cai^boKwi^oJfcLisofteft aisooia^edy^thaMghpercen ^ ' 


I r V 
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In the Cyclone separator (Fig. 371) a volute casing is fitted round the base 
of the chimney, and into this casing is discharged tangentially the flue gas fiom 
an induced draught fan. 

A vortex is formed in the casing, and the giit is projected on to the outer plate 
along which it swirls until it is caught by a lip which deflects the grit, and the 
earner gas, into a secondary collector wheie the process is repeated. The cleaned 
gas passes through a longitudinal slot in the chimney, from which it escapes to 
the atmosphere. 



’ (2) Water separation (Modave process). This separator was introduced 
to remove the very fine particles of dust that escaped mechanical separation. 
''In^e ^'Modave’^ arrester, shown in Fig. 372, the flue gas Mows a tortuous 
path between hollow vertical prisms, which are closed at the bottom and supplied 
with water at the top. 

•JJjae OTved sides of these elements impose a centrifugal force on the flue gaa, 
^ tsjiafe ti^e dust particles are projected into the descending film of water, whieh 
, to a sludge pond. 



Steam BoiUis 725 

By the addition of corrugated iion sheets, or a supply of carbonate of soda, 
the flue gas can also be freed of sulphur dioxide, 

(3) Lodge-Gottrell electric precipitation. In this system the flue gas is 
passed through a network of wires, which are connected to the positive side of a 
60,000 volt D.o. supply On the floor ol the duct is placed a similar network, 
V hich is connected to the negative side of the machine. The ionised gas imparts 
an electrical charge to the dust particles, which are attracted to the negative 
wiies, from which they are scraped at intervals. 

Although this system is expensive, it is the most efficient of all, and will remove 
tar vapour as well as dust. 
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* * 

EXAMPLES 

1. Enumerate the advantages claimed for pulverised fuel. To what extent are these 
claims based on sound theory % 

2. What are the essentials of a good combustion chamber and burner for pulverised 
fuel, and how are the two related? 
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3 . On wliat principles do the th ree main methods of dust separation operate ? Contraafc 
the methods as regards performance on varying boiler loads, space occupied, first cost 
and ability to remove constituents other than dust. 

4. Compare, from every aspect, unit and central systems of pulverised fuel firing. 

5. What are the objections to ash, moisture, and non-uniform grading in the use of 
‘ ‘ pulverised fuel ” ? How may their effects be limited ? 

6. In what circumstances is it profitable to pulverise fuel for the purpose of power 
generation^ Indicate the precautions that must be taken when pulverised fuel plant 
is installed. 


STEAM STOEAGE 


An ordinary type of boiler has an, overload capacity of only about 25 % above 
its normal rating, whilst peak loads may demand an overload of 100 %. 

It takes an appreciable time to change the rate of steam generation, but the 
demand for a considerable change of power may occur instantly, and even, if the 
boilers could meet a sudden increase in load, there is always the problem of 
disposing of the steam once the peak has been passed. 

For these reasons it is now customary to supply heat accumulators to equalise 
the load on the boilers, and in this way they act as thermal flywheels. 

,It was Dr Ruth, a Swedish technician, who introduced heat accumulators in 
1916, and his accumulators act in much the same way as electrical accumulators. 
They will give a large discharge over a short period, or a small discharge over a 
long period. 

There are two main systems of steam accumulation in use at the present time, 
the constant pressure system, and the variable pressure system. 


Th^ constant pressure system. 

In this system the rate of firing of the boilers is maintained constant, but the 
quantity of feed is varied, Wheh the demand for steam falls, an .extra quantity of 
feed is circulated through the boiler, where the feed temperature is raised to that 
of the steam, after which the surplus water is passed into an insulated storage 
drumilseo Sig. 37B), where it accumulates until an increased demand for steam 
^ causes a sHght diminutiqn in boiler press > : 

' redup^ boiler pressure operates' a regulator which sloWs do^ thb feed . 




'V '*S </ i ,si i'' •' J- 
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The capacity of the drum must be sufficient to supply the entme feed during 
the time required for the boiler to take the overload, and it must be capable of 
receiving the feed should the demand for steam suddenly cease. 


MAtN Steam 



Fteo Pump 
Regulator->Q 


f ^ > 

J_ OvERFLOVA/ 




Hot Feed Storage 
Drum . 


Circulating — ^ 
Pump 


Feed Pump 
Fig. 373. Constant pressure accumulator. 


The variable pressure system. 

In this system the surplus steam is passed through a reducing valve into a 
large closed vessel which is about 90 % full of water. Specially shaped nozzles 
surrounded by pipes are employed to discharge the steam silently into the water, 
and thereby bring about condensation. The more the pressure rises in the accumu- 
lator, the greater the thermal storage capacity, whilst a reduction in pressure 
results in evaporation, the steam produced being passed on to low-pressure 
turbines or process work. 



The installation of tliis system involves a substantial d^erenee of working 
pressure between one steam cbnsuming set and the other, and there tnust be a 
considerable demand for low-pressure steam. 

The system is widely used in mines and steel works where the reoiprqcatifig 
Bteam ei^ines direct their intermittent. exSausts into a low-pressure receiver 
which is plaoM in series with acoumtdators (see T’ig. 376). Low-pressure turbines 
consume, the steam, supplied hy the aoeT;qnul6»tors, and, should the supp^, of 
e^nst ^tkm prove deficient, steam is taken from the boilers via a reducing valve 
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The storage capacity of the variable pressure system depends upon the pressure 
range over which it operates. With a pressure drop from 300 to 200 lb. per sq. iij. 
1 cu. ft. of water will yield approximately 1 lb. of steam, whereas a drop from 60 
to 10 lb. per sq. in. releases over 4 lb. of steam, so the system is best suited for 
low pressures, or where a large range in pressure is not objectionable. 


Dead Weight Atmospheric 
Relief Valve 


To Spray Pono 


Condenser 



Fig. 375. 


Comparison between the systems. 

If a supply of low-pressure steam is not available, or is not required, the feed 
storage system is obligatory. 

The main advantages of this system are: 

(1) Higher thermal efficiency. 

(2) Artificial circulation of the boiler water increases the rate of evaporation,' 
reduces repairs, and gives economy in fuel. 

(3) By discharging the cold feed into the storage drum deposition of salts in 

the boiler is prevented., The system is best suited for prolonged periods of constant , 
load foUpwed by Aort periods, of heavy overbad. , , . ‘ 

The variable pressure system is valuable where the storage periods are short 
and gulps of steam are' available firom^ intermittently working machinery such 
,as vending or roUihg engines. The installation' of adcumulators and low-pressure 
/ { k^binqs shine thdu^nds of pounds a year on fuel. There is less danger'. 

^ J ' 'a. 1 J.1- ' JiL-.. i j. • J*' JT ..1. J it.,- 


■and the;. 
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EXAMPLES 

1 . Outline the objects of steam storage, and the principal systems employed. 

Make a diagrammatic sketch of any one system, and point out the adyantages and 
disadvantages of that system as compared with others with which you are familiar. 

2 . A mining company is in possession of some old Lancashire boilers which it proposes 
to convert into heat accumulators for the reception of low-pressure steam from the 
ventilating engine, air compressor, and winding engine. 



0 10 20 30 40 50 60 70 60 

TIME W SEC0MP5 

Fig. 376. 

By TTiflk in g use of the figure, obtain the water capacity of an accumulator which can 
deal with the steam from the winding engine alone, given: Temperature rise of the water 
in the accumulator = 5 ° C. Average total heat in exhaust steam — 636 c,H.Tr. per lb. 
Average sensible heat in condensate = 102*5 o.H.Tr. per lb. 

About what volume should be occupied by the steam, and is there any objection to 
providing a total volume in excess of that given by the calculations? 




CHAPTER XXI 


PLANT ECONOMY 


In the design of power plant the satisfaction of the fundamental laws of machines 
is but one aspect. For the plant to be a commercial success it must satisfy certain 
laws of Economics, which is the study of mankind in the ordinary business of life. 

A company director and his associates require plant which will perform certain 
duties with great economy (in some cases witli absolute reliability) and generally 
with low first cost. 

To satisfy these requirements the plant and its details must be economically 
arranged, consistent with reliability and the length of life that is expected of it. 

As prices fluctuate over very wide limits from place to place and time to time, 
it is impossible to formulate general laws which control the economic design of 
power plant. The best that can be done is to suggest methods of attack. 


Factors associated with the cost of power. 

An industrial enterprise is promoted by some men of wide knowledge, ability, 
character and credit who, in these days, associate themselves with a number of 
others to form a limited liability company. 

The promoter and the enterprisers associated with him take the preliminary 
economic risk during the preparation of plans, and the raising of a loan by shares. 

The money raised is invested in land, buildings, and equipment, and later in 
the payment of the management and staff employed in construction before 
production commences. 

With the object of assessing profits the money which is sunk in the equipment 
is regarded as capable of producing a return of about 5 % if invested in some 
successful enterprise. Accordingly, this Investment Cost is set aside. In addition 
to the investment cost monies are paid into a Sinking Ftind, the purpose of 
which is to pay off the loan. 

The other charges on a company are Overhead Charges, yhich represent the 
cost , of taxes, rates, permanent, staff, etc., and cannot th 0 re fero.h e allocated to 
any one job. 

Age, use or abuse of the equipment cause Depredation, the amGl|iit of which 
* is charge4 to the profit and loss account. 

' , In power stations the Running (losts are due to fueb labour, pi^and con- 
, , ’siJmable tees,^ and repairs. These costs exercise a verjy pronounc^^^eot on 
^ ^ the choice of plant lor a. paittioular locality and purpose! They are a^lcljon d' 


lqad„M,wldeh runs,’£md,to ^Qwfdr this tiie Loa^Fa’^^ffrlsdpeh^ 

je ratio , '< / i •'A^yial'cntnut "of the newer nlant ^ ' ‘ 
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Even the standing charges, when reckoned on the annual power output of the 
station, are dependent upon the load factor, thus: 

Let IGho the annual investment cost, and KW the kilowatt hours output per 
annum when the plant operates on the most economical load. 

IC 

Then the investment cost per kilowatt hour is ic = ■==. 

KW 


Let the plant now operate on a load factor {LF)i thereby raising the investment 
cost to {ic\. Now, since the total investment cost is invariable, 


{ic),{LF)^KW^lG. ( 1 ) 

In the same way {ic)^ [LF)^ KW - I G. (2) 

By (1) and (2), (i^ = 

The investment and maintenance cost depends on the size of the plant, and 
the pressure and temperature limits. 

The effect of these quantities on the economic saving of fuel is given by 

(Cost of fuel in shillings per ton) (Load factor) ^ 

/Calorific value on B.T,TT.\ x , . . . , 

I ICTOOO 1 interest on investment cost) 

This is Imown as the Operation Factor, 


Ex . Before full working plant of a mine came mto operation the cost of power from the 
fully completed power plant was Id. per kilowatt hour, made up of production eost,0'6d., 
investment cost, 0-4d,, load factor Later, while the management remained the same, 
the load factor was increased to If this increase was accompanied by a reduction of 
one-third in production cost, what was then the cost of power per unit? 

With the load factor J, 

Production cost s? 0-6 x f =* 04 
Investment cost =; 04x| = 0-2 
Net cost per b.t.it. = 0*6 pence. 


In considering any new project, therefore, it is fundamentally important to 
know the thermal efficiency of the plant, so that an estimate of fuel costs may be 
made. 

The selection of the plant of course depends upon the load factor, and whilst 
an expensive, though highly efficient machine, may be merited for base load work, 
yet such plant would be quite unsuitable for a peak load station. 

, Due allowance must also be made for the reliability of the set, maintenance and 
capital hosts', as well as for labour and the possible life of the machinery at tSe 


, particular load,’ r/ ^ 

, ' ’ In general an increase in ske of a unit is accompanied by a decrease in capital 

I • . n- . t I » . ' 


'COST?, weigOT, ana space per Knowauu. 




'J Kl/Baumapn, >"isbm 0 developments on power station praotioa”. Letoe 

dOliV^red to the’ institute' of Enemeers of Atatralia, October 13, 1938. 
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Economics applied to the prevention of waste, j 

For some years now large concerns have been in the habit of employing 
efficiency engineers, whose duty it is to eradicate waste and loss of output. J 
This engineer's attention is often directed to leaky pipes, badly aligned shafts, 
obsolete machinery, inefficient workmen, control of stores, and purchase of i 
fuel— all of which have a pronounced influence on the cost of power, which is one ^ 
of the most important components in modern civilisation. 


The economic generation of steam . 

Since almost 80 % of the power used in the world is derived from coal used in 
steam generators, the economic generation of steam is a subject of considerable 
importance. For the past twenty-five years little improvement has been made 
in the thermal efficiency of steam boilers; the major developments have been in 
the direction of maintaining this efficiency on low-grade fuel and of reduced 
labour and maintenance charges. Because the annual cost of fuel is often greater * 
than the combined cost of tlie other expenses on boiler plant, great economy can 
be effected by prudent selection of coal, which should be purchased on its calorific i 
value, since this allows for loss due to moisture and ash.- 

Mechanical handling and firing of the fuel frequently effects considerable 
economies, whilst the provision of superheaters may increase the thermal effi- | 
ciency by 5 % and that of economisers by 15 %, provided they are kept clean, i 
Air healers should only be provided if feed heating prevents the economiser 
from lowering the flue gas temperature below 350° F. 

Secondary economies may be effected by centralising the plant so as to reduce 
distribution losses. These losses depend upon the economic thickness of the i 
lagging, and the cost of the pressure drop necessary to maintain a flow of steam 
along the pipes. 


The ^economic velocity for steam flowing along a pipe. 

In this problem an economic balance must be struck between the capital charges 
on the pipe line, and the monetary loss incurred by the pressure drop due to 
. flriotiom. , ■ 

. ‘Experience shows that the first cost of the piping is related to the diameter of 
, „ thepipohythoeauitioo p^ foot, ’ ' • ' ' , ' 

rWherei the bore of, the pipe in, feet and A and n are cbnstants, 

: ;Jinnuai' cap^^ Mamten^nqeohargep may be reckoned as a percentage f . 

'J/ii ' "i ' / j 1 ' j /W * ' I ' “ ‘ . ' 


V. 




'' ' 
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The pressure drop in a circular pipe line running full is given by Fanning’s 
formula. 

/Volume per sec.\ ^ 




TTpJi 




^ __ 4/X/4'^ 2 (Volume per seo.)^^ 

" W # 

= ft- head of fluid flowing. 

2g \nl <P * 

h 


Pressure drop in lb. per sq. ft. = -. 




Pipe friction is equivalent to throttling the steam, and although this does not 
affect the total heat of the steam it reduces the subsequent adiabatic heat drop. 

Let the reduction in adiabatic heat drop per lb. of steam flowing per sq. in. fall 
in pressure, from the initial pressure, be H and the cost of 1 lb. of steam, to 

give an adiabatic drop of (a.h.d.) o.H.n., be C pence, then the monetary loss 
per lb. of steam per lb. fall in pressure, due to pipe friction, 


Monetary loss per second, 



C, 


v 144 \a.h.d./ 


OxW^ 


4//4\2 1 Lv 

%W 144 d® 



G. 


The total annual charges on the pipe line, excluding radiation, are Annual 
capital + Maintenance charges 4* Monetary loss due to friction. 

If the pipe is in continuous commission throughout the year of 

365 X 24 X 60^ = 8760 x 60^ sec.. 


the total ah m running cost will be 


a 


pAd^L 

100 


8760 X 602 X 


4/ / 4\2 1 Lv H 

2g\7r) 144 ,# 


l-A-W.' 

\A.H.n. I 




dC 

\ The diameter which will make this a, ininimum .is given by equating ^ to 
, zero,, thus: 


s' 3(4) ^ .144' 3*^ ' . 


4 
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-4- — = 8760 X 60^ X ^ - X ttt X ^ C. 

100 2g\n lU d^ \ a . h.d ' 


d = 


'..ar. .a.^// 4\® 1 52; Fra ^; 

8760xC02-~( I Xtt-x xC 

2r/\7r/ 144 A.II.D. 

npA 

Too 


»+j 


Ex. Estimate the economic boio of a steam pipe for conveying, continuously, 
40 toils of steam per hour at 300 lb per sq in and 350° C. 

The cost in pence per foot of completely lagged pipe may be taken as 
\-vhere d is the boie in inches. Capital and Maintenance charges may be taken 
as 20 % of the initial cost. 

The cost of ptoduemg one ton of steam at the above conditions is 28 pence 
and the turbine can expand this to 1 lb. ])er sq. in. Take/ as 0*004. 

The specific volume of the steam = 2*156 cu. ft. per lb. The adiabatic heat drop 
to 1 lb per sq, in. - 236 c.h.o. Eoi 1 lb. per sq. m. fall in pressure the drop H is 
approximately 0*12 OH.tr. This drop was obtained by plotting the a,h.d. on a 
pi esburo base and extrapolating, since the a.h.d. is not by any means proportional 
to the drop in ])re&auie in this region of the H<p chart. ' 


Cost 0 per lb. of steam 


2240 


0*0125 pence. 


Steam flow W in lb. per sec. = - = 24*9. 


d 


'yveox 60^ x4 x 0*004 /4y 
^ TTx 97"^ X 2x32*2 \nj 


144 


X 6 X 2-16 X 0-01261'’* , 


whence d^l foot and velocity of flow ^70 fqi.s. 


The economic thickness of lagging. 

The economic thickness of lagging depends on 
(a) First cost and Maintenance costs. 

^ (b) ^Annual value of heat loss, which depends on the Cost of producing the 
steam, and Thermal conductivity of the lagging. 


♦ Alternatively calculate the heat drop from 
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Amount of heat transmitted thiough a surface 

kA6 

= — c.ir.tr. per hr., 


where U = coefficient of conductivity oi material m c b.tf. per ft. per ° C. per hr., 
t — thickness of conductor in direction of flow. 

Amount of heat entering an annular rmg of unit length at radius } 

dO 


h27Tr 


dr * 


( 1 ) 


The negative sign prefixes the expression, since dOjdr is negative and we want 
a positive flow. 

Heat leaving at radius (r+dt) 


/{;2r-r- + -r -h27rr 


dB_ 

dr 


jdr. 


■A3 27rr j- dr « 0, 


dr dr 

In the steady state, 

Heat leaving = Heat entering. 

and the quantity whose djdr is zero is a constant. 

dd , 
dr 

where A is an arbitrary constant. 


dd ^ 

• r — = B, 
dr 


■{ 2 ) 



B 


•dr 


, d^Blog^r-hC, 


where (7 is an arbitrary constant. When 

0 = r ~ Tj, 0 “ T ** 

^2 = J?loggfg+(7. 

^ 1 rn,“Tirur-|-T‘ 


.( 3 \ 


dS B 




By (3) in (2), 
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By (4) in (1), 


Heat flow in per hr, = + ^ 277 


(^1 ^ 2 ) 

log.r 


Let 0 = first cost of lagging in pence per cu. ft., then cost of lagging for 1 foot 
length of pipe = 7 r(r|-rf) 0 . 

Let p be the percentage of the first cost that must be expended annually on 
investment charges and maintenance, and let L be the loss in pence due to a 
radiation loss of 1 o.H.ir, per hr. 

Then for a pipe operating 8760 hr. per annum, 

Total hourly cost per foot of pipe G 

_ 27rk(di - ^ 7r{rl - rf) xl^pxG 


3oge 


8760 


100 


^23 P> ^ ^1 fixed, but be varied to make G a m inininm, 

To obtain this value of let ra/r^ = i?, then 


^ _ 2771^(6^-6^ L Trrf (R^- l)pG 


log«i2 ‘ 100 


00 

dR 


277h(6^—6^L rrrfpG 


4 


whence 


100x8760 

k( 6 i— 62 )L 


X 2i? = 0 {for a min.), 


MiHeE) 

(Rlog, Rf ^ X 100 X 8760. 

JhL{ei-B^)mo 


a logo s 


f 1 ^ pxG 

As It check on the dimensions of the above equation, 


h 


C.H.U. 


Thickness 


Hours 


X Pence, G 


Pence 
Cubic feet * 


Hours Area X Temperature’ o.H.t7. 

. The quantities make the light-hand side of the above equation dimensionless, 
which agrees with the dimension of B. 

HXf ,Het^rmhe''the economic thicImeBs lagging for a steam pipe 10 in. outside 
' dlau^eter wl^ch is in continuous operation, given: 


r ^ I'f 



Ck; Xempei;ature drop across the lagging, SSO** 0* 


1896 o.E,tr, per hr. 

^ r.'l r ' S'" ' 1.'' . . ^ 1' , 
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((9i-^2) = 320'‘a a -76, j)-20. 
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«log,JJ=x 

12 


0-0218 X 0-12 x 320 x 8760 
1896x20x75 


whence 


i?-l.9 = ^. 
5 


(?‘2“n)==4Jin. 


Ex, Fuel supply to an isolated mine. 

On an isolated mine the fuel supply was obtained by drawing upon the hardwood 
that grew in the vicinity. 

If M?was the weight ofhardwoodgrowing in tons per sq. mile, W the weight of hardwood 
consumed by boilers per annum, r the radius in miles from which the supply was being 
drawn at time t years, {Ar+B) the cost of purchasing, cutting and carting wood m 
£’s per ton, determine the total cost of fuel supplies up to any time L 

Given Annual output = 6,847,750 kW hours; Fuel — 4-2 lb. per b . h . p . per hik; Cost 
of purchasing and felling — ; Cost of transport per ton per mile — A~ £i^. 

In 15 years the Babcock boilers exhausted wood supplies ■within a radius of 12 miles. 
Find the annual cost of fuel between 14th and 15th year of the mine’s life. 

The cost per annular ring of fuel is 

dG = ^TTwrdr (A.)*+ B). (1) 


We also have, for continuous operation of the plant, the rate of consumption - rate 
of removal of timber. Hence 

Wdt = 2o27rrdr, 


where $ and r are independent variables. « 

Integrating first .with respect to d and keeping r constant giyes 

> .To express this in terms of iwe bare > , 

f ' I,. I ' p 

' .‘'v'V:'/,' , ‘f r;- ' Wt'^^wrK * 



. , w . jm 

•• — • 

W >S W7T 

By (2) in (1), 

dC =>‘'Wdi{Ari-B), 



/« 1 

3 


Alternatively by double integrals. 


/*r rSsr < 

OpsJ J mdf'dd{Ari‘B)f 


( 2 ) 




, -■'■i *1 I 


,(i)' 
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0 = iTTU 


AlWt 
3 \vrn 


BW t\ 

27rwl 




w 

ivn 


xt i-Bt 


]■ 


ToidI annual fuel consumption in tons is 


134 x 6,817.730 x 4 2 
W= 2240 = 

111 15 yeais the fuej burnt = 220,000 tons. 

Aioa enclosed by J2 miles ladms ^ 452 sq miles 

. Fuel distiibution, w, m tons pei sq mile = == 4-S7. 

^ m 28 /l4,670,,, ,,,, 41 

. Costpei annum 14, 670Lxj.^^-^^^™{15^-14}*f^J =£36,000, 

Ex. Value of ash in coal. 

A power station is oSeied £P per ton of ash produced by its boilers and coal costs 
£l/{jr + 6) p€ r ton, where I and c are constants and or is the ash content of the fuel If the 
cost ot hrmg is propoitional to the ash content of tho fuel, find the best value of a, so 
that the total outlay per ton of coal incurred by the power company shall be a mnumiim 

Valueol ash per ton oi coal = 11 ?, 


Cost of fuel 
Cost of btokmg 
Total cost per ton G 
dO --k 


k 

a+c^ 

■ A + Bx» 

I 


dx (a;4-r)^ 


+JS— P=s0. /, (a-fc)^ = 




( 1 ) 


L. 

p-p' 


For minimum, 






when Pj then u = 00, 1 e if we receive as much for the ash as the extra cost of 
btokng, we can have 100 % of ash m the coal 
If P IS negative, a; is a minimum, since we must pay for disposal of the ash 
The increased cost of stokmg and ash disposal now offsettmg the reduction in the 
pnoeufooaJ, ^^0 k^o\B~F), 

and puttmg this value in (1) gives 

W=-+A. 

G 

jH f 

Ash IS advantageous m that it protects the firebars. 

Method of assessing the return on an economiser investment. 

Jt is customary to calculate the gross annual saving guaranteed by the econo- 
makers* and to subtract &om this certain annual charges in order to arrive 
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It we divide the total capital outlay by the not annual savuig, we ha\e the 
iiumbei of yeais in which an econoniiber w ill pay toi itself 

Annual charges. 6 % mteiest on capital raised foi piiicha&o 10*^0 loi 
depreciation % for maintenance 

Annual saving. Agamst the outlay we must balance the sa\ ing, toi j1 this is 
allow ed to accumulate at 5 % compound mteiest, the total saving at the end ot 
the life of the economisei will be consideiable 


Life of the economiser. The average life of a cast iron economiser is 15 ycais, 
but thoie are cases where a hie ot 25, 30 and even 50 yeais has been attained 
Takmg 16 years, we find that with compound interest at 5 % on the initial 
capital the total cost can be written off m less than 1 5 years, thus 
If, as the result of economies effected by the plant, an annual sum can be 
paid mto the sinking fund on which mterest is paid at p %, and the life of the 
plant is N years, then the total value of the sinkmg fund at the end of the following 
periods is 

Istyeai. Pa, 

2 nd year 

3rd year. P^^l+^J+P,^l+^^+P„ 
ithyear: ^.^( 1 + 315 ) + 

and so on. 

Hence the total sum S which accrues as the result of the smking fund con- 
tribution for a life of N years is 

S = P^[l + an 

where a = ( 1 + p/ 100 ) 

Sxa = Pjla+a^+a^+ 

£1(0-1) = P^K-l], 


whence 


„ f^[o"-l] P^[(l+W100)^-1] 

(0-1) y/lOO 


Ex. The hfe of an economiser costmg £5000 is 15 years and the guaranteed annual 
savmg of fuel at full load is equal to £1500 Determine the total sum saved at the end 
of 15 years, if, at the end of each year, after paymg 5 % on capital, 2^ % wear and mafti- 
ienance (on mitial cost) and makmg an annual contribution to the ‘ smking fund" 
(which is allowed to accumulate at 6 %), the remainder is re-mvested at 5 % compound 

6 % on capital =£260 , 

% on capital - £125 , 

£376 
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Annual payment to “sinking fund”, that is re-mvosted at 5 %, is 


5000x5 

{(1 + 0-05)15- 1} 100 
To Inteiebt of Maintenance 
Total annual chaiges 

Saving on fuel 
Total charges 
Not annual having 


= £231-6 

£375 
£606 6 

£1500 
£ 6QG-6 
£ 893-4 


If tins saving is ce-m vested at 5 % compound mtorest, the total saving m 15 years is ‘ 

Out of this saving we could buy a new economisei and start again. 


Ex. Subdivision of units. 

For a given outjiut of power, how is the size of an individual unit determined^ 
Give, with reasons, the ideal subdivision foi steam plant. 

The prime movers should be so chosen that they always run on their most 
efficient load, and that on this load their combined output wiH just equal the 
required load. 

For steam plant eight complete unitb have many advantages ; since steam plant 
will carry continuoubly a 25 % overload, six sets can be working, one spare and 
one set dismantled. The safe zated load of suoh a station would be six units with 
a capital expenditure of the cost of eight. Capital invested in reserve power 
= 14-3%. 

Ex. Power station site. 

Obtain an expression giving tho rectangular co-ordinates Z, F of a central 
power station in terms of the co-ordinates as, y of the main consumers, so that the 
power loss on ihe linos sliaJl be a minimum. 

Let Pg, etc. be the power supplied to each consumer along lines of length 
ly, Ip etc. ; then the power loss = ...]. 

Birt Zi =» -^~ssf+l7-y)K 

r 

Power loss L in terms of the co-ordinates 

i. 
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The power loss is a mininmin when the small changes in dX and dY produce 
no change in dL, i.e. when 


dX 07“"^' 


dL 

dx 

dL 




^Pl 




+ ia 




-J{x-x^y+{T-y,y ^i{x-x^y+{y-y^) 

7-yx . . 7 


+p. 


i7 4(x-xyy+(Y-yyy U{X-x,y+(Y-y4y 


;+... = 0 , 
+ ... == 0 . 


Investigation of the most economical arrangements of pulleys and belts. 
The horse-power transmitted by a belt is given by the equation 



where fi is the coefficient of friction of the belt on the pulley, 

6 is the smallest arc of contact in radians, 
e =- 2-718, 

is the greatest tension in the belt, 

F is the velocity of the belt in f.p.s. and should not greatly exceed 60. 

For given pulleys at fixed centres, 6 is constant, and if P is the safe puU per 
unit width of the belt then the required width w is TJP. 

If X is the r.p.m, of the pulley having diameter P, then 

^ NxttD 
^ ^ 60 • 

On substituting these values in equation (1) 

r 11 wPttDN 

H.P. - p-JsJ-jg ooQ-* 

For constant speed and power 

Pxw=Constant. 

Hence the graph of w plotted against P is a rectangular hyperbola (see graph 
(1)) (Kg, 378), 

The price of the pulleys is a function of P and w, as shown in graph (2); whilst 
the price of the belt depends on its length and width, being directly proportional 
to its length, which is easily obtained &om graph (1) that co-ordinates it wiJh 
the pulley diameter, the centres of the pulleys being taken as fixed. It is customary 
to make the pulleys one inch wider than the belt. 

The price per foot of belts, having various widths, is shown in graph (4)^ By 
using this graph in conjunction with (1) the total cost of the belt, for any pplley 
diameter, may be obtained and is plotted in (3). 
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At the same time the cost of the pulley to be supplied (the assumption being 
that the other pulley is supplied with the machine to be driven) may also be 
plotted in quadrant (3) of the co-ordinate axes. The total cost of the arrangement 
for any pulley diameter, is the sum of the cost of the belt and that of the pulley, 
and it will be seen from (3) that this curve goes to a definite minimum. 

Plotting is facilitated by employing the co-ordinating rectangle. 



Pig. 378. 


.PJioMng the characteristic diagram. 


The diagram sketched relates to power transmission between pulleys of equal 


, ; diameter, To plot this diagram i ' , ' ^ - 

; ; ' (1) Select any diameter of pulley, and, by projecting on to the h.p. curve (1), 

( ^ ‘ ■ i’,,' 'ofetiahi the- width 'w ofthe belt.Tothis width add 1 in/in order to select the pulley 




i 
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(3) To obtain the cost of a Balata belt for this diameter of pulley. From the 
H.p. curve (1) project horizontally the width w on to the cost curve (4), whence 
the cost C per foot is obtained. Multiply this by the total length L obtained from 
curve (1) and plot it on a diameter base in quandrant (3). This defines a point 
on the cost of the belt cuiwe. 

On adding the cost of the belt to the cost of the puUey a point is located on the 
total cost curve. The process is repeated for other puUey diameters. 


EXAMPLES 


1, Economics of power generation. Site of a power station. 

It is required to develop 2000 h.p. at a power station which is situated 100 miles from 
the coal fields. 

If the calorific value of the fuel is 7800 C.H.U., compare the weights of coal used in the 
two following systems: 

{a) Coal used at source in a steam plant to generate electricity at 2000 volts, overall 
efficiency of plant, 15*5 %. There is also a transmission loss of 10 %. 

(b) Coal is carried by rail from the coal field to the power station in trucks holding 
10 tons; each truck weighs one ton. Frictional resistance to motion, 25 Ih. per ton; 
overall efficiency of locomotive, 4 %. 

Voltage generated, 1800; plant efficiency, 15*5 %. 

Atis. (a) M62 tons per hr. ; (6) h0626 tons per hr. 

2. Efficiency of a power station. 

A large power station bums about 1*75 Ih. of coal per kilowatt hour. Assuming 
the coal to have a calorific value of 12,500 b.t.u, per Ih., find the overall efficiency; and 
state approximately how the losses would be distributed between boilers, engines, and 
dynamos. 

Aws. Overall effideno^^ 15-6%; Bynamo '‘efficiency, 96%; Engine efficiency, 
20% (thermal on B.H.P. basis); Boiler efficiency, 75%. 


3* Power company’s charges. 


Enumerate the principle on which power company’s charges are made. To what base 
must these charges be reduced in order to compare the cost of purchased power with 
that generated locally? 

Atis. Fixed charges of £4 per annum per kW of maximum demand. Charge of 
0-5 pence per b.o.t. unit. Coil charge, 0-03 pence per unit per shilling increase or 
decrease in the cost of coal per ton above the basic price of 12 shillings. Mimmum 
annual payment about one-haif of the anticipated annual payment. ^ 



I 1 * ‘ ‘ 

4. Ecpnotnics of n power station, , ^ (B.So. 1918.) 

. ^ ^ Ina power station coal having, a calorific value of 7250 o.H.ir , per lb. is burht in thd ; 
' boilers:; B is found thajb in a shift of 8 he. the number of pounds of coal burijt is 
;'.(7^*tt,46,750Tt^2'2JS^hid;'ti^fiumberpfpoundsofwaterevaporatedk1V=i»lX,000+l.fif6-K, 

: '^hemvK'is liu^bi of khbwatt’hburs pet 8 hr. shiB, If the boilers generate steam 
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from 70'’ C at a pressure 220 lb pei sq in supeibeatcd to 400^0. and the output of 
the station is 20,000 kilowatts, deteimino 

(1) The overall theimodynamic efficiency of the station, 

(2) The efficiency of the boileis. 

(3) The combmed efficiency of the engines and boilers. 

5. Conversion from steam to producer ^as. 

On an isolated metalliferous mine the fuel supply for the boilers was obtained by 
diawing upon the bard woods wliich giew in the vicinity of the mine, and over a period 
of 15 years this practice exhausted the supply within a radius of 12 miles 
The management then decided to replace the steam plant by gas plant which Tvould 
operate on the lemaming soft vr oods (the distribution of which can be taken as approxi. 
mately equal to the original distribution of the haid wood) 

Jrom the followmg figures, determine the saving efiected by this conversion in the 
16th year of the mine’s life: 

Total annual power output = 6,000,000 b.o.t. units. 

?uel consumption, steam plant « 5*65 lb. per b.o.t unit. 

Fuel consumption, gas plant — 3*0 lb. per B o.t. unit. 

Cost of purchasing, cutting and transportmg timber from a radius of rmiles 

” •£t 5 (3 +0*7r) per ton. 

Total cost of supplying and erectmg the gas plant = £14,000, 

Ans. Annual fuel cost of steam plant drawn from 12 miles radius « £37,350 
Fuel cost of gas plant diawn from 4/^7r miles radius at the end of the first years 
working s«£3820. Total annual saving £19,630. 


6. Conversion from gas to oil engines. 


Power is supphed to an isolated mme by four convertible gas engines operating on 
wood fuel gas producers, the fuel being drawn directly from the bush. 

The total annual output was 6,000,000 b.-o.t. umts. 

Fuel consumption » 3*1 lb. per kilowatt hour. 

Average distuhution {w) of wood « 600 tons per sq. mile. 

Total cost of fuel from opening of mine to any time t years 




where If « total fuel consumed per annum in tons, 
w = distribution of wood in tons per sq, mile, 

■B » £A (Cost of felling and replanting per ton of wood removed), 

A {Cost of transport per ton per mile). 

Petermine the time when it is desirable to convert to oil at an additional cost of 
£1600,^if the oil consumption is 0*684 lb, per kilowatt hour and its cost is £6 per ton. 

Note that the conversion cost must be saved during the first years running. 

Ana. Convert in the 6th year, 

7* Site of a hydro electric i^ower station, 

4*nietallif6£0iiB mine is situated at m elevation of 600 ft, iFifty miles away at an 
elevation of 1600 ft. is a lake that can supply the powei* requirements of the loine, 
generators are placed near the to or near the mine. 
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Corapaie the two schemes as regards the total volume of water used per second and 
iheir oveiall efficiencies, making use of tlie following data. 

{a) Horse-power required at mine = 3000. 

(6) Available head when generatois are at the lake end = 700 ft. When situated at 
mine = 1000 ft. 

(c) Diameter of pipe hne = 5*0 ft. 

(d) Loss of heat in pipe Ime in feet per mile = 7^2, wheie F is the velocity of flow in 
feet per second. 

(e) Combined efficiency of turbme and generator = 70 %. 

{/) Voltage generated at the lake end = 10,000. 

(gf) Transmission drop per mile = 20*0 volts. 

What other factors must be considered before deciding on the plant, or its site? 

Ans. With the station at the mine : volume, 96*9 cusecs , Overall efficiency, 27*35 % . 
With the station at the lake: volume, 60*2 cusecs; Overall efficiency, 63 %, 


8. Gombination of Diesel engines and steam plant. 

The daily output of a certain power station is shown in curve (1), whilst the cost of 
fuel in pence per kilowatt hour for various load factors of both Diesel and steam plant 
are given by curve (2). 




Uao Factor % 

Fig. 379. 







fj45 Plant Economy 

J’rom these curves determine the cost of fuel in pence per day: 

(a) If steam plant alone is employed. 

(&) If Diesel plant alone is installed. 

(c) If an 8000 kW steam set works in conjunction with a 12,000 kW Diesel set, 

The steam set is to work constantly at 75 % load factor, whilst the peak load is to be 
earned entirely by the Diesel engine. 


Suitable tabulation of results 


Load 

factor 

Hours of 
operation 

Output 

kW 

Fuel cost m 
pence per 
B.o.T, unit 
generated 

Total cost 
of fuel 
per day 


— 





9 . Fig. 380 shows the power variation on a mine during a period of one week. Deter- 
mine the weekday power factor. 


Maximum Ihstalled Power s»1800 H.P. 



- Using gas power, give, with reasons, the size and number of engines ^nd producers 
that would be stdtable for this mine. 

10* Economice of steam generation. Moneta^ loss due to moisture in coal. 


' If the oaloride value of coal costing 30s. per ton is 11,000 and the moisture, ^ 
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half the heating surface has its conductivity reduced by 26 %, find the additional cost 
of the fuel due to the dirty tubes if the evaporation is maintained constant over a period 
of 60 weeks at 144 hours’ working per week. Take the coal as costing 30s. per ton. 

Am. £520. 

12. Radiation loss from a steam pipe. 

If 160'ft. of 8 | in. diameter steam pipe is exposed to the atmosphere, and there is an 
average loss of 3 b.t.u. per sq. ft, per °F. difference in temperature between pipe and 
atmosphere, find the cost per annum if atmospheric temperature = 60° F. 

Steam at 150 lb. per sq. in has temperature 360° F. Calorific value of fuel = 11,000 
b.t.u. Cost of fuel = 30s. per ton. Boiler efficiency - 65 %. Ans. £250. 

13. Monetary loss due to leaky steam pipe joint. 

If in a main steam pipe the pressure is 160 lb per sq. in. and thirty of the joints leak 
to such an extent that on an average 1 pint of water is lost per joint per hour, find the 
cost of the leaks per annum, given Total heat of steam at 150 lb. per sq. in. = 1193 b.t.u. 
per lb. Fuel = 305. per ton. Boiler efficiency = 65 %. Am, £36. 165 . 

14. Heat loss in flue gases. 

Flue gases having a temperature of 600° F., air temperature being 60° F., are passed 
from a chimney. Calorific value of fuel ss 12,500 b.t.u. per lb. Weight of air supplied 
per lb. of fuel = 22. Calculate the percentage heat lost in flue gases. 

If 4 lb. of coal is burned per b.h.p. hour, what total saving per day would result in a 
80^H.p. plant, running with a load factor of 0*625, from the introduction of induced 
draught and economisers, which save 70 % of the heat in the flue gases? 

Ans. 23*8 %; 16‘6 %; with coal at 30s. a ton £5*35. 

15. Forced draught and economisers on small plant. 

A company of fan makers claim that 1000 lb. of coal can be burnt at 1*5 in. water 
gauge for the expenditure of 4 B.h,p. Find the net saving in fuel by installing “Forced 
draught” and Economisers” in a 200 h.p. plant if 

(а) The electric fan drive is 80 % efficient. 

( б ) The economisers reduce the gas temperature from 600° to 350° F, Specific heat 
of gases = 0*25. 

(e) Fuel consumption == 5 lb. per hour. 

I (d) Air per lb. of fuel 18 lb. 

(e) Calorific value of coal = 12,500 b.t.u. per lb. 

' ' Ans, Net savings per hour 5 pence. 

id. Scaling of boilers. * 

, ' How CTO the reMou between the reduction B m heat transference due tp deposits 
of scale in mine boilers dxfring time t he obtained without social testing equipment or 
upiettlngtheroijitffie qftheminel. , ’ - . : ' « 

4 'Ifthd'relatibnisfouhdioibe B «= E = reduotjon in' heat transferpijce in 

-. O JK-Tff, per hour; « time inhou^frbip W scaling, 4 and w are ooiiftants, fehciw that the 



^ 748 Plant Economy 

total aanual cost of runaiiig the boilers is a minimum if / 

1 

' I 

■where V = monetary value of 1 c.h,it. per hour when transferred across the boiler plate ! 
8 = fixed scaling cost. ’ * 

17. The fuel cost of a Lancashire boiler is proportional to the thickness of scale deposits 
and for continuous working the thickness of scale is proportional to time. Find the time 
at which the boiler should be scaled if the total annual charge, including scaling, is to 
be a minimum. 

Am, Time in months x = , where mx — Loss in £s per month due 

to deposits at end of time x, 

18, Most economical diameter of a chimney, \ 

The effective draught in inches produced by a vertical circular chimney of internal 
diameter i) is given by _ , 

where hg is the draught when there is no flow, , 

H is the height of the chimney in feet, I 

T is the absolute temperature of the flue gases in ° F, ' i 

TF is the weight of flue gas, lb. per sec., * I 

D is the diameter of the chimney in feet. i 

The cost of the chimney is given by D = KH^Dk 
Show that the diameter of the cheapest chimney is given by 

Note the height of the chimney is determined by the values of Ji and T, 

19,, Steam pipe lagging. 

Betermine the economic tMokness of steam pipe lagging so that the total annual costs * 
(maintenance, inv^tment and heat loss) shall he a minimum. , 

2^, Modfeimi^ing Lancashire boilers. 

' ^ toiseusfi the lespeotive economies likely to accrue from the installation of economisers, 

’ ; /■ superheaters and meohaifloal stokers to a battery of Lancashire boilers. . , * 

/; , , Gl’T’e a complete list of the eguipment needed in a ohange-iover from hand firing* , / 

' ■' ; ■’ - r'! 


>v' I 'V-i f 4 . 
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tons fuel cost (pit-head) - 35. 9(i.; Operating costs (labour, power maintenance) per 
annum = £5206. Find the total cost per 1000 lb. of steam produced. 

With mechanical stokmg, capital outlay = £47,400, cost per annum = £26,207. 
Find return on additional capital expenditure with pulverised fuel. 

Ans. Total annual savings £6151. 

22. Air supply to blast furnace. 

The moisture content in the air supply to a blast furnace was found to be 5 grains 
per cubic foot. Find the savmg in fuel per 350 working days of 24 hours’ duration if the 
moisture content is reduced to 1 grain per cubic foot, given: Cost of smelting coke, 
£1 per ton; Calorific value of the coke, 13,000 b.t.tt. per ton; Air blast temperature, 
1450® to 1500® F.; Outlet temperature from furnace, 720® F.; An* supply to furnace, 
35,000 cu. ft. per min.; Specific heat of steam, 0*6; Latent heat, 970 b.t.u. per lb.; 
Atmospheric temperature, 60®. 

There are 7000 grains in 1 lb. Jns. £494. 

23. Exhaust feed heater. 

Find the weekly saving in fuel (in tons) effected by installing an exhaust feed heater 
in a steam plant, givenr b,h.p. of engine = 100; Pressure of exhaust steam = 16 lb. per 
sq. in.; Steam consumption = 18 lb. per b.h,p. per hr.; Latent heat in steam at 16 lb, 
per sq. in. =: 968 b.t.tj.; Temperature 216® F.; Duration of running ~ 60 hr. per week; 
Efficiency of heater = 80 %; Calorific value of fuel = 12,000 b.t.tj. per lb.; Dryness 
fraction of exhaust = 0'75. • Am. Approximately 3 tons per week. 


MISOELLANBODS EXAMPLES 

1. Belt and pulleys. 

By making use of thefollowmg data, determine thepuUey diameter which will give the 
cheapest arrangement for transmitting 10h.p. from one pulley on the shafting to an equal 
diameter pulley supplied on the machine: Rotational speed 192 r.p.m.; Coefficient 
of friction = 0*4; Safe tension per inch width « 70 lb.; Centres of pulleys » 20 ft.; 
Price of “Balata” belting - (width of belt in inches) shillings. Pulleys in all cases 
to be 1 in. wider than the belt; one pulley and one belt to be supplied. 


* Price of cast-iron pulleys in shillings 


Width 

Diameter 

in, , 

12 m. 

20 m. 

28 in. 

36 in. 

44 m. 

62 in. 

60 in, 

4 

7*5 

. 13*5 

22 

32 

44 

.67 

nmu 

6 

8-5 

15-5 . 

24*6 

' 36 

48 

61 


8 ' 

13*6 

20'5 

30*6 

' 43 

67 

72 


10 

,17 

25 

36 

60 

66 

83*6 ' 


12’. 

21 

30 

42 


* 76 

04 

1.1^ • 


' 32 in'. diameter. 

“ .2.'Ecbno;t^c8of awtot.car, ^ ' V ^ ^ , 

j , Frpm tJie pttblished jidde of new and sepond-hsnd 12 motor ears, plot, on, a time 

: ‘ 3T^ura^de,taxesandga]eagffig>mounUa:i^peran»um, 

, 'plot/^on bhrtre of tStal, “Standfegioharges^i Hi; on ihe of 10,000 

* 1 - >■' ) ,1 M / ‘ ^ < V \ ' 1 I 1.' ^ ml ' 
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miles per annum, the running costs (petrol, tyres, oil and general attention) amount to I 
£42 per annum, show that the total annual cost decreases with the age of the car, so that ! 
even allowing £40 for a general overhaul at the end of each three years of ownership i 
a sum ranging between £30 and £50 may he saved by repairing an old well-designed car i 
rather than by buying a new one. 

3. Example on leakage of compressed air. 

In a compressed air plant it was found that with the discharge valves of the com- 
pressor shut and no pneumatic machines wwking the pressure in the air receiver, volume i 
100 cu. ft., fell from 100 to 50 lb. per sq. in. in 10 min. Determine 

(a) The leakage of air in lb. per hour if temperature at 100 lb. per sq. in. was OO®?. 
and at 50 lb . per sq . in. was 55° E. 

(b) The loss of energy to w^hole plant xn ft.-lb. per hour, if thermal efSciency of com- 

pressor compared with isothermal compressor as umty was 85% and mechanical 
efficiency of compressor 85 %. Thermal and mechanical efficiencies of oil engine ~ 20 
and 85 % respectively. Take atmospheric temperatm’e and pressure as 50° P. and 16 lb. 
per sq, in. i 

(o) What is the lowest pressure to which the test could be continued, if, for a maximum i 
weight discharged of any gas, the ratio of pressures at each side of orifice is ! 

n ‘ 

fl \%+l/ i 

(d) What is the financial loss per annum of 300 working days each of 8 hours’ duration, } , 
if cost of oil fuel per ton =s £8. lOs. Od., and its calorific value « 19,600 b.t.xi. per lb.? 

(e) In what type of plant would air leakage entail the greatest financial loss? 

Am, {a) 164 lb. per hr.; (6) 644 x 10® ft.-lb.; (c) 28*4 lb. per sq. in,; (d) £38. 10s.; 

(e) Small power intermittent plants working on petrol. i 


4, Electric motors. 

An electric motor costing £100 develops 10 b.h.p. continuously at an efficiency of ' 
84 %. A second motor costing £85 develops the same power continuously at 82 % ^ 
efficiency. Which is the better motor to install if power costs 2d. per unit and interest 
on the investment cost is 5 % . State the annual saving. Am. The first £14’76, 


5 ; Most, economical vacuum to employ in a condenser. 

Eor a surface condenser, determine the most economical vacuum to be employed, 
allowing for the cost of circulating water, the cost of the condenser, and the loss of the 
available energy through the vacuum being less than the turbine could handle. 



' .1 ‘i, "C 



CHAPTER XXII 


JET PROPULSION AND THE GAS TURBINE 
Principles of jet propulsion. 

The successful application of jet propulsion to the design of high speed aircraft, 
capable of operating at great altitudes, has embodied a principle which has already 
been tried for the propulsion of ships, and the larvae of the dragon fly. 

The propulsive effort of a jet-propelled machine is derived from the reaction of 
a jet that is directed rearwards with considerable velocity, as for example in 
the case of the simple rocket in which the jet is obtained by the combustion of 
powder. For the efficient production of large powers fuel is burnt in an atmo- 
sphere of compressed air, the products of combustion expanding first in a gas 
turbine which drives the necessary air compressor and second in a nozzle from 
which the thrust is derived. Paraffin is usually adopted as the fuel because of 
its ease of atomisation and its low freezing point. 

Jet propulsion was utilised in the German Flying Bomb, the initial compression 
of the air being due to a divergent inlet duct in which a small increase in pressure 
energy was obtained at the expense of the Idnetic energy of the air. Because of 
this very limited compression the thermal efficiency of the unit was low, although 
a power of about 600 H.P. was obtained. In the normal t 3 rpe of jet-propulsion 
unit a considerable improvement in efficiency is obtained by fitting a turbo- 
compressor which will give a compression ratio of at least 4:1. 


Principal' features of a jet propulsion unit with gas turbine and rotary 
compressor. 

The essential features of this type of propulsion unit, which is shown diagram- 
matically in Fig, 381, are: 


Fuel Sprayer 



'One of Several Combusuon Chambers 

-Flame Tube 
-Secondary A»r 


lNi£rO«cr 

<*^Cqmpressor Turbine * 

' Fig. 38L Layout of jet propulsion power unit. , 

t I ‘ f ■" 

(1) .Apin|etduci(‘of diverging shape by meahs of which anincreasa of pressure 
'.^r ehergy {iJFhioh inay reaph ^5% of the ambient air preetee) is obtained at th© 
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It, ) ‘I > 


At 
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(2) A compressor of the radial or axial type which raises the pressure of the 
air and delivers it to the combustion chambers, 

(3) The combustion chambers, which are arranged radially around the axis 
of the turbine and in which paraffin is sprayed into the air. As the result of 
combustion at constant pressure the temperature of the air is raised. 

(4) The gas turbine, into which the products of combustion pass on leaving the 
combustion chambers, and in which they are partially expanded to provide the 
power necessary to drive the compressor. 

(5) The discharge nozzle in which expansion is completed, thus developing the 
forward thrust. 

Fig. 382 shows the Rolls-Royce Derwent jet engine which employs a centrifugal 
compressor, stra^ht through combustion chambers, and a turbine of the impulse 
reaction type. The unit weighs 1250 lb. and the turbine develops 11,000 b.h.p. 
when providing 2| tons of air per min. which is necessary to maintain a speed of 
600 m.p.h. 


Thrust boosters. 

Because of the high air/fuel ratio used there is a considerable excess of oxygen 
in the products of combustion leaving the turbine and the thrust may, therefore, 
be augmented by burning fuel between sections 7 and 8 in Fig. 381, an increase of 
|bout 20 % being attainable by this means. The additional heat increases the 
adiabatic heat drop in the nozzle, but, as the specific volume of the air is also 
increased, the cross sectional area of the jet tube must be capable of variation. 

Although this method affords a simple means of obtaining increased thrust it 
is responsible for a considerable increase in specific fuel consumption, this being 
expressed in lb. of fuel per lb. of thrust. Increased thrust has also been obtained 
by Messrs Power Jets by means of the following methods : 

(1) the injection of water in the compressor, which not only improves the 
efficiency of compression, but by reducing the temperature of the air after com- 
pression increases the mass fiow and permits of the combustion of a greater weight 
of fuel for the- same limiting maximum temperature. An injection of 102 lb. of 
water per min, into the compressor inlet of a W2B engine increased the thrust 
by 18 %; 

(2) the injection of ammonia (into the combustion chamber), which because 

of subsequent dissociation effected an increase in mass flow and hence an increase 
in thrust. An injection of 4*4 % of ammonia gave an increase in thrust of 22»4 % 
in a W2B bngine. » 
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the efficiency of combustion. The principal difficulties encountered may be , 
summarised under the following headings: ' 


(i) Rotary cotfipressor. 

The early types of compressor were of low adiabatic efficiency, whilst, because 
of their narrow operating range, difficulties were encountered in starting and 
running at part loads. 

At part loads the compressor may be unable to maintain the delivery pressui'e, 
thereby causing a reversal of flow, and sometimes \uo]ent surgings. 

Fatigue failure of impeller blades occurred, especially when the number of 
blades on the impeller was a multiple of those in the diffuser. 

High-speed shafts supported in three bearings are often a source of trouble, 
the difficulty being increased if mis-alignment due to thermal expansion occurs 
The use of single entry impellers enables the third bearing to be omitted, while 
further improvements result from air cooling of the bearings and the use of a low 
viscosity oil suited to the high speed. 

Whilst on the basis of adiabatic efficiency the multi-stage axial compressor is 
superior to the single stage centrifugal tyjie, in practice the former is subject to 
certain disadvantages, of which the most serious is the difference between its 
best running speed and that of the turbine. A high overall efficiency may not, 
therefore, be obtained from such a direct coupled plant. A reduction in air flow 
through an axial compressor may cause a rapid decrease in delivery (i.a 
“stalling’’), although this condition is unlikely to arise during flight because 5 
the ramming effect of the intake air. 

A single entry centrifugal compressor may now be designed to give an adiabatic 
efficiency of 80%, but disc stress, with single stage turbines, limits the com- 
pression ratio to 4:1 and the delivery temperature to about 200'^C. A double 
entry centrifugal compressor is smaller in diameter than the single entry type, whilst 
the impeller stress is lower, and the end thrust small The ductingis, however, more 
complicated than with the single entry typo, and the rotational speed higher. 

Duo to the decreased adiabatic efficiency, caused by increase in the compression 
ratio, it is not economic to use a compression ratio higher than 7:1, whilst the 
increased air temperature, consequent upon decreased adiabatic efficiency, limits 
the amount of fuel which may be burnt for the same permissible maximum 
temperature (1000-1600'^ F.). 

At high altitudes the low pressure and temperature permit of both a fair 
compression ratio and a reasonable fuel consumption, the power output then 

level. Higher compression ratios become possible with 
Ir axial-centrifugal compressors being usei 


encountered in the design of the turbine were the 
h would stand up to high temperature conditious, and 


(ii) turbine. 

’Jlhe principal 
pJiovMonofmate: 





{ 
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Special heat-resisting metals, usually nickel-chrome steels, 'are employed for 
paits subject to high temperature, the turbine blades being made of a high-nickel 
alloy “Nimonic” which maintains its strength at elevated temperatures, and 
effectively resists corrosion and creep under these conditions. As the coefficient 
of expansion of a heat-resisting metal may be 50 % greater than that of mild 
steel, care must be taken to minimise heat flow and to make adequate allowance 
for expansion in view of the high-temperature differences which may occur over 
the parts affected. Bolts subjected to high temperature should be coated with 
zinc or a colloidal silver compound to facilitate removal of the nuts. 

If both undue friction losses and a torque reaction on the machine are to be 
avoided the gas must leave the turbine blades axially, and must possess the same 
velocity at all radii. This condition is obtained by using twisted blades which 
at the roots are mainly impulse and at the tips are mainly reaction, the 
angular momentum and the work done per lb. of gas being the same at all 
radii. 

The maximum speed of the turbine is determined by the rate of change of 
momentum of the gas, and the resistance offered by the compressor, When the 
pressure drop over the turbine nozzles reaches its critical value the maximum 
mass flow is obtained and the speed of the turbine is near its maximum. 

(iii) Gombustion chambers. 

Because of the necessity of limiting the maximum temperature in the combus- 
tion chamber to about 1200° E. a large amount of excess air must be supplied, 
the air/fuel ratio being of the order of 60: 1. As mixtures of this order are almost 
unignitable, especially if the combustion chamber be large, the problem of ob- 
taining efficient combustion with a short and stable flame presented considerable 
difficulty. A further difficulty was encountered in early turbines due to the 
swirling discharge from the compressor, which caused the gases to stratify in 
layers of differing density, the low-density high-temperature gas being con- 
centrated at or near the blade roots with consequent overheating at this 
point, 

A solution to these difficulties was found by arranging several combustion 
chambers radially around the compressor and turbine, each being fitted with a 
perforated flame tube into which the fuel was sprayed. The air/fuel ratio in the 
flame tube was about 15: 1, the remaining air passing over the outside of the tube, 
and 'thus being pre-heated before mixing with the products of combustion. 

(iv) Power output. 

This is limited by the maximum permissible temperature and by the highest 
permissible blade speed, as the materials used cannot endure for long periods^the 
severe working conditions obtaining at fuU load. The control of the power* de- 
veloped by the jet tube is usuaEy effected by varying the fuel supply. 

4S"S!^ 
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Comparison of jet propulsion with other systems. I 

Advantages of ja fropulsion. . j 

(1) At speeds in excess of 500 m.p.h. and at altitudes greater than 30,000 ft. 

the efficiency of the jet is much higher than that of a propeller. 1 

(2) With a dynamically balanced rotor there is an absence of vibration, a ' 
condition which is not attainable with reciprocating engines and propellers. 
Greater reliability is thus achieved. 

(3) Combustion and delivery of power are continuous, whilst peak and 
fluctuating pressures do not occur. 

(4) The unit can operate over a large range of mixture strength and can bum 
most liquid fuels. The power is not limited by detonation, and thus may far 
exceed that developed by a reciprooator. 

(5) The power unit is easy to instal and is smaller and lighter than a reci- 
procating engine of the same power, whilst it requires neither internal lubrication j 

nor radiators. i 

(6) There is no slipstream loss, the drag is reduced, and warm compressed air i 

is ftiV’S'ile'hle for ca/bin hearting. 

(7 1 The arraiHgement of the unit permits of a» better position of the pilot whilst 
the absence of a propeUer permits of a smaller undercarriage. 


Disadvantages of jet propulsion, 

(1) Certain difficulties are encountered in the running of the propulsive unit 

(see pp- 754-”6)* ^ i i 

(2) The low compression ratio and high proportion of excess air result m low 

thermal efficiency, this effect being particularly marked at low powers. At low 
altitudes, and at speeds up to 300 m.p.h., the fuel consumption is 2 to 3 tunes 
that of a reoiprocator, the system is less manoeuvrable and the propulsive t^e- , 
off so reduced that a thrust augmentor may be necessary. Under these conditions 
tie range of the' aircraft is limited. 

(3) The compression ratfo is not oonstapt as in the reoiprocator, but varies 
api^roximately with the square of the rotational speed. 

(4) The power plant is very noisy, ma'terials o^tly, and life short. . , ^ 

. ,kel economy is greatest with a combination unit in which the reoii)^te: 
' deato'ydth the k^h' temperature part of the cycle, and the turhine with the 
’exkaBBt gEtoes: ,, 

'V. ''‘■j , 



J et Propulsion and the Oas Turbine 7o7 


agencies, rather than by chemical action, and exhausting. This cycle is identical 
with the Joule cycle described on p. 73, for which the air standard efficiency is 

m 

A.S.K 1_ 

‘ ig 

where r is the compression ratio. 




As r is difficult to assess for a rotary compressor, it is usual in this case to use 
the pressure ratio 


Actual cycle. 

This is shown in Fig. 384, the operations in the cycle being as follows: 
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3-4 Transforination by the dififuber of some of the kinetic eneigy of the impellei 
clischaige into piessuie eneigy. 

4~5. Heat reception at constant pressure in the combustion chamber. 

5- 6. Adiabatic expansion through the turbine nozzles and blades. 

6- 7. Reheating due to Iriotion losses in nozzles and blades, 

7- 8. Adiabatic expansion ni the jet tube. 


Distribution of work in a jet propulsion unit, 

(a) Rammng effect in inlet dvd. 

Applying Bernoulli’s equation of p. 320 to sections (1) and (2) of the duct 
shown in Fig. 88 Ij we obtain. 


Pi 2? 


+~]+h+JC,T,+ 

Pi -V 


In this case % = Zj, and since neither external work nor heat are given to the 
air, the equation reduces to 


2 ? 




and since, from the definition of total heat, JII 

P 


.( 1 ) 


This computation may be facilitated by using the Temperature Equivalent 
of Velocity 11^, where 

p 

has the dimensions of temperature. Applying it to equation (1): 

== ^15, + ^2‘ (2) 

Taking for air as 0*24, wo have from the definition of 

V = ■= X d^„ = 147 ft. per sec. 

This expression shows that 1° C. fall In temperature is equivalent to 100 m.p.h. 

As a result of the compression thus obtained the machine is subjected to a 
retarding force due to the reduction in momentum of the air entering and leaving 
the duct. If w lb. of air passes through the duct per see. then 

I* 

JleWdittg force on machine ^ lb. 
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Ex. The entiy duct to an enj^me is so shaped as to leduoe the velocity of flow to a 
negligible value If the machine is ti avelhng at 600 m p h at such an altitude that the 
au temperatuie at admission is — 18°0 , find the temperature aftei compiession and 
the pr*nre ratio. 500 x 6280 

3600 “ 

a',, = 25°0. 

25 +(- 18 ) = ( 2 . 

t^^rc. 

{b) Compressor work. 

When the index of compression n is less than y a reasonable estimation of the 
work done W on the compression cycle is given by 

n-l 

W = ~p^Vi 

n-l 


-1 , 


(p. 87) 


When n>y this equation gives an erroneous result, and an alternative method 
must be used. Applying Bernoulli’s equation to points 1 and 2 of Tig. 27, and 
considering 1 lb. of air: 

^+^+z,+J0,T,i-H+W ^^+^+z,+JG,T,. 

Pi Pi 

If the changes in kinetic and potential energy are small 


r = (g + - (g + joj^ -H. 

W - JCJT^-T^)-H per lb. of air. 




Let the law of the compression curve be pv'^ = C, then since ^ 
work done per lb. of air by the conventional equation is: ^ 


W 




(I-) 


n 


w— 1 


JQ, 


y- 




n~l 

n 


(1) 

the 


.( 2 ) 


A comparison of equations (1) and (2) indicates that equality is obtained 
only when n - y and JET = 0. If there is no heat interchange during compression, 
as wiU occur in an uncooled compressor, and if ^ y -hA, then 

l\ 
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As tho mimeiator is less than the denominator this coefficient is less than unity 
thus even when radiation loss is ignored the work done as given by the conven- 
tional equation is less than the actual work done. 

The actual woik of compie&sion has been shown m Fig. 384, in which (])-(2)' 
IS an adiabaiic pas&ing through (1) and (3')~(4) an isothermal passing through (4) 
yig thus being the piossuie to which the an must be raised by adiabatic compiession 
m oidei that it may have the same temperature as after the actual compression 



Applmg the conventional equation to the equivalent diagram, the work 
done per lb. of air is given by 

7 1 




7 


i1= 

J r-i L^i J 


Th;us if4fl is the rate of air flow in lb« per see.: 

. wJ€jiTJ%0 A 

k-')' 

Th«* pow^r aa determined by this equation depends upon the accuracy vdth 
oan he measured, and as must be the average temperature of a rapidly 
ah' ateeam its talus is difficult to determine. The accuracy is further 


( 3 ) 
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Imiiied by the assumption that there is no change in Iciiietic energy and as this 
lb not the case in an actual compressor an alternative assessment of the com- 
piessor power is desirable 

Consideiing the flow of air to and from the impeller, we may wi ite 
Toiquo to be apphed to impeller shaft = Rate of change of augulai momen- 
tum of an, , 

^Vwq w 


9 

w 


y 


H.P. to be applied to impeller shaft 


w 

'g 

W(0 

'mg 


(t> 

560 


{VwqRq-Vw,B,)x 

(4) 


where Vwq and Vw^ are the velocities of whirl at exit and entry to the impeller, 
the corresponding radii being Bq and B^. 

In the compressor illustrated the air enters axially, hence Vuf^~0. As radial 
blades are usually fitted to facilitate manufacture, Fwq is equal to the tip speed 


Sq at exit. We thus obtain: 


Imneller H p -- 

impeller H.P. 00 00 


w 

(^D,N\ 

550 

60 1 


.(5) 


Allowance must also be made to cover the effects of leakage and of frictional 
resistance to the rotation of the impeller. 

(c) Beat supplied in the combustion chamber. 

If the effects of changes inkmetio energy, friction, imperfect combustion, dissocia- 
tion and radiation losses be ignored, then the heat supplied in the combustion 
chamber, per lb. of products of combustion, is Alternatively: 

* Calorific value of fuel (c.v.) (wt. of air per lb. of fuel+ 1 ) 

w 

Op has a value of approximately 0*26. 

In jet propelled aeroplanes without heat exchangers it is uneconomic for 
to exceed 1100 ®K. 

A more accurate expression is Gp[T^’^T^ ~ xa -6 where a allows 

for radiation, and imperfect combustion, and b for dissociation. M,s. =s Mixtui;e 
Strength. 

(d) Wo^h done by the turbine* 

Applying Bernoulli’s equation to sections 5 and 7 of Mg. 381, and disregarding 
radiation losses: ^172 « 
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In i his case work is done by and not on the gas, and the sign of W is thus negative 
The expression maj' thereloie be more conveniently lewiitten as work done by 
till bane per lb. of gas = 

VhVI) 




2g 


(e) Energy liberated in jet 

Applying Bernoulli’s equation to sections 7 and 8 of Fig. 381: 

PjJl+Jo,T,+n^^+%jc,i',. 

Pi ^7 P% *-7 

If fuel is burnt to boost the thrust, H is positive, but if allowance is to be made 
for radiation loss in an engine without boost, E is negative. 

In the case of the ideal Joule cycle the gain in kinetic energy is represented by 
the area of the indicator diagram, and is given by 

(lain in k.e. = Air standard ejSiciency x 

From equation 0, p. 761, 

(i tm rp\_ C.V. offuel 

h) = of fuel +T) * 


/. Ideal gain in k.e. 


y n 


J . C.V. 


J (wt. of air per lb. of fuel + 1)* 


Propulsive force, work, and efficiency. 

Let the machine shown in Fig. 381 be dying horizontally at velocity U 
in a quiescent atmosphere so that w; lb. of air enter the inlet duct per sec. 

Let the aii/fuel ratio or mixture strength (m.s.) » 

_ Weight of air supp lied per sec. (lb.) 

Weight of fuel burnt per sec. (lb.) ’ 

w 


whence, weight of fuel burnt per sec. » 


M.S. 


Liet F be the velocity of the products of combustion leaving the jet-tube, then 

K P 

Propulsive force or thrust 




PpoputeiTC work«M. 




!1? 
f L 


r 


V 1 
M,S.J 


which is a maximum when 
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As tliib consideration does not involve heat quantities, the hydraulic or pro- 
pulbive efficiency { tj ^) is given by: 

_ Thr ust work 

Thiust work+Bcsidual k e. in ]et relative to giound 



The propulsive force developed by either a propeller or a jet is due to the 
rearward discharge of a stream of air. The propeller discharges a relatively large 
mass of air at moderate speed, whereas the jet discharges a small mass of air at 
high speed. If losses due to blade profile, drag, slipstream and rotation be dis- 
regarded, the expression derived for 9/^ may he used as an approximation for 
the thrust due to a propeller. 

In the special case when m.s. = oo 



With rockets which carry their own propellant no air is supplied, so considering 

2V17 

only the terms which involve the fuel 


Thermal efficiency of a jet propulsion unit. 

As the combustion of the fuel is utilised to impart kinetic energy to the products 
of combustion, the thermal efficiency of the unit (i/^) may be expressed as. 

i<r 

Kinetic energy, relative to mac hine, gained by air * 

■" Heat supplied per lb. of air 

C*V> of fuel * ’ 
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A more exact expression may be obtained by considering the machine to be 
flying in a quiescent atmosphoie, "Vithen the available energy is the calorific value 
of the fuel plus the Linelic energy of the fuel. Hence. 


. Thrust wor k -f Residual K.n, of jet (rel ative to ground) 

Therma e ciency - bupplied by fuel + Initial k.e. of fuelTreiative to grmindj 


w 

9 


U 




v_ 

M S 


2g 



w 


M.S. 


X c V. X J 


JD ^ 

M.S. 2g 


JU\ MS/ J \JJ 


2gJ 


c.v. 

M.S. M.S. 





[® 


©' 


1 

M.S. 

•2|J 

1 


^ , jv. . / , Thrust work 

vera erma e ciency (i/Jq) - supplied + Initial k.e. of fuel (relative to ground) 



V 1 

7-^7+-- 

9 

M S.J 


w ^ w 

— X c.v. X J 4- — -JT* 
M.S. M.S. 2g 


2m.s. 

K(-»4) 

M] 


•2fic.v. . / 

L-TF-+1J 



In the case of a rocket, m.s, « 0, and this expression reduces to: 




V 





The overall elldeinoy reaches its maximum value when the temperature at the 
ouiilet of the combustion chamber is about 1100® K. Highertemperaturesnotonly 
|W!|U0e higher jet velocities with a corresponding reduction in propulsive 
ere at present limited by metallurgical considerations. 
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Specific fuel consumption of a jet engine. 

As a jet engine on tost develop*? thrufat but not power, the specific fuel consiiinp- 
tion IS based upon the former, and is given b}^ 

Fuel burnt per hr. (lb.) 

Net thrust (lb ) 

The equivalent b h.p. to be developed by a reciprocating engine driving an 
airscrew of efficiency //g is given by 

Thrust X Velocity 
550 X 


Individual efficiencies of component parts of a jet propulsion unit. 


(a) Inlet duct. 


Efficiency = 


Adiabatic compression work 
Input kinetic energy 


^2~^l 


where is the temperature at the end of adiabatic compression and the 
temperature at the end of actual compression, may exceed 0*9. 

As the function of the inlet duct is to obtain a pressure rise rather than a 
temperature rise, in which it is less successful, the ram efficiency (ij^) is used, where 




P2-P1 ^ 

Pressure rise (all losses disregarded) as given by Bernoulli’s equation' 


[b) Compressor, 

Referring to Fig. 381, p. 751 (and p. 116), the adiabatic efficiency of the com- 
pressor is given by 


Vv^ 




To 


Pi) Y 


T, 


fe'i y _ 
W 




T, 


(I) 


An adiabatic efficiency of about 85 % is now attainable with axial and centri- 
fugal compressors of good design provided the compression ratio is not high. 

To permit of the comparison of the performance of different types of com- 
pressors the polytropic efficiency has been introduced. This corresponds to the 
stage efficiency of a compressor with an infinite number of stages in which the 
adiabatic temperature rise per stage is and the actual temperature rise is 
dTj and is given hy 

T { P ) ' 


Now 
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ExjDandiiig by the Binomial Theorem, and considering only terms of the first order 


T 

T " 


7 P 

y-^-lSp ^ 
y p ST* 

7-1 Sp 


Integrating 


7Vp P 
log ^ 7zi log ^ 

y-l 


whence by (1): 




»lc- 


Ti\ yvp 

pj ' 

y^l 


(b\ ^ . 

\pft/ 

/M 

\P2/ 


V 


V“l 

y% 


and rip s 


'“KS) 


Let polytropio compression take place according to the law pv^ = c, then 

% Wa, 


.r:3 
M rvp 

pJ 




It should be noted that whilst the adiabatic efficiency of a compressor decreases 
with an increase in compression ratio the polytropic efficiency may remain 
constant. In the above expressions the pressures and temperatures should be 
taken as the mean total head values and not the static. For a compression ratio 
of 4*6 to 1, Tip ~ 87 % and - 84 %; the reverse of what is obtained due, to 
reheating in a turbine. 

Burner effilciency. . 

Actual temperature rise in combustion chamber 


t?J3 





Theo/etieal temperature rise 


L(L(M.'Si+lX 


' pi sqv ^ 
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Turbine efficiency. 

Since the carry-over from the turbine is available for increasing the kinetic 
energy of the jet the turbine efficiency may be regarded as 

— work-h Carry-over per lb. of gas 
Adiabatic heat drop 
0*85. 

Jet pipe efficiency. 

Since the carry-over kinetic energy is available for increasing the kinetic energy 
of the jetj the jet efficiency may be expressed as 


nj 


Final kinetic energy in the jet 


Adiabatic heat drop in jet pipe + Carry-over from turbine 
F2 


% 




where is the temperature equivalent of velocity. 
The value of is approximately 0*9. 


Balance of turbine and compressor work. 

Under' stable conditions the work done by the turbine is exactly balanced by 
the work done in the compressor. Allowance must, however, be made for leakage 
past the turbine blades which results in a decrease in the mass flow ilirough the 
blades. 

If the leakage loss past the blades is I %, we have 





No correction is necessary for loss due to fluid friction in the turbine and 
compressor, as energy thus expended reappears as heat and thus iniuences the 
temperatures and 

Turbine blades. . 

* ' ' ' ' ' ' ’ ' ' 

; ' The 'conventional method oi determining the profile of turbme blades is based 
on tho /toumptioh that the working fluid isade^ frorn -to guide blades as jets, 
/',aid k the'oalse?of an impi&e trdbine there is no'pr^^^^ 
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Where flic blades are long the inlet angle /? is varied to allow for the change in 
blade speed with radius, vsee Fig. 386. 

For Ml peripheral admission it can be shown that the previous assumptions 
are unjustified, the flow from the nozzles being of vortex form, so that there is 
a pressure and velocity gradient over the radius, the velocity of whirl being 
inversely proportional to the radius. 



Vortex flow is extremely stable, especially if an axial clearance of at least one- 
quarter of the blade chord is allowed between the fixed and moving blades, and 
an annular channel is provided around this clearance to control the vortex. 

Obviously the importance of vortex flow is most marked on long blades, hut 
a substantial gain in efficiency can be obtained by providing for it on blades 
whoso length is only 8 % of the mean diameter of the blade ring. 

The necessary provision for vortex flow, in the case of constant axial velocity, 

is made by varying the blade angles with the radius according to the relations 

V EV V V 

Jti 

Variation in p may be effected by twisting the blade and keeping its axial 
width qonstani, or tapering so that the leading edge is inclined ffom the plane 
of rotation, . 

For multi-row velocity compounded wheels only the last row of blades is ar- 
ranged to have an axial discharge. At previous rows the angular momentum of 
lENiid in the space between the fixed and moving blades is uniform, as is the 
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Apart from con&icleration of the turbine, to avoid a torque reaction on tlio 
aeroplane and to utilise fully in the jet tube the carry-over from the turbine it i« 
dcHirable that the absolute velocity of discharge from the blades should be axial 
at all radii. Fig 386 shows that if this object is to be achieved the blades must be 



so shaped that they are mainly of impulse form at the roots and of reaction form 
at the tips. Under these conditions: 

r x/Sf 

Work done per lb. of gas floiving per sec. — , (see p. 419). 

d 

Compressor performance curves using non-dimensional parameters. 

The conventional method of representing the performance of a given compressor 
operating under constant intake conditions is shown in Fig. 387. A plot of this 
form does not take into account variation in intake conditions nor does it permit 
of a comparison of the performance of similar compressors of different sizes, and 
as in the case of aircraft these factors are of great importance it Is of great value 
to use a plot which will take account of them. This method will enable the 
performance of a compressor to be predicted from that of a geometrically «ini%r 
model provided that in each the fluid motions are dynamically similar, i.o, the 
flow pattern is the same in each. 

The principal forces which control the flow pattern are: 

(i) inertia forces due to accelerating particles of fluid in straight or cqrved 
lines; 

4 ^ 


WHB; 
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(ii) forces due to viscosity effects; 

(iii) elastic forces due to compressibility which cause deformation with change 
in density of the fluid; 

(iv) gravitational forces. 



Fig. S88. Compressor performance. Ajcial-cum-centrifugal or two stage. 


Consider an elementary volume Bv of fluid of density />, and let this element 
undergo an acceleration due to change in either or both of the magnitude and the 
direction of the velocity 7: 

Inertia force ==Svxp>(. acceleration. 




, The viscous resistance to flow is given by the product of the shearing stress and 
' the area sheared^ where 

, dF ' 

, ! Shearing stress 

' ' ' ' ' ' ' ‘ ‘ *' ' ' ' ' 

I V Is the coefficient of viscosity and the velocity gradient* , , 
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The ratio of the two forces is dimensionless and from (1) and (2): 


liVL 



TF 

Kinematic viscosity 7'^’ 


(3) 


where I is a typical dimension of the compressor. ' 

The ratio in (3) is Reynolds’ number M. If it is the same for two fluids then for 
each fluid the ratio of inertia force to viscous force must be the same, whence it 
follows that the flow patterns must be similar. 

When the average velocity of the body of fluid approaches the velocity of sound 
in the fluid the effect of compressibility of the fluid (i.e. the volume strain produced 
by change of pressure) becomes highly important. At subsonic speeds the fric- 
tional resistance is dissipated as heat, but at supersonic speeds frictional resist- 
ance sets up waves which produce a sudden increase in pressure and temperature 
with a corresponding reduction in the velocity of flow. The change in the type of 
flow, and the rapid increase in resistance which accompanies it, is indicated by 
the ratio 


Inertia force _ L^pV^ 
Elastic force ~ p x X® 



(4) 


But 


Velocity of sound in fluid » IJ ^ >~ 


.( 6 ) 


By 5 in 4 


Inertia force yV^ 
Elastic force ~ Fo * 


F. 


On the assumption that y is constant the ratio ^ is a measure of the change 

in type of flow, and is known as the Mach number M. 

If JR and M be expressed in terms of quantities of which measurement can be 
made, non-dimensional parameters can be obtained. In the case of a compressor 
the measurable quantities are: the rate of flow (w), the pressure p, the temperature 
T, the rotational speed N, and the shaft power 

As the velocity of flow will be related to the impeller velocity 

may write from (3) ' 

- D (2TrDN\ 

60 /’ 


, we 


ND^ 

whence itfoUows that the parameter is dimensionless, the impeller diameter 

having been used as, a typic$-l compressor dimension* . , 

, ; , ' - . F ' 2nJ0N X Coiistant 




i'' ""it 

/ '■'/ " ..b ' 

,,, f , j 

( * ' 
'‘?Im 


60 


)wyp. 

p . 


where p. is m lb* .p^r sq. ft; , , - 
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ND 


Blit pIp = BT so in terms of the measured variables ifoc This is a moat 

important quantity since the variables in both the engine and compressor are 
sensitive to it. 

The non-dimensional expressions involving rate of flow the 

dimensions of temperature T being (LjTf andp is expressed in absolute units. 
The complete non-dimensional equation may be written as: 

r-. , O'-! 


Ih T,’ 


C&) " ™ ' 


P, 


D may be omitted since it is constant in a given engine. 

Obviously in test work it is possible to work_on only one dimensionless para- 

( U) \ 

-yp-dj is taken as abscissa, plots of 
' ND 

pJPi^ TJTi and the power ratio may be made on tliis base for a given value of , 

VT, 

By varying ^ in reasonable steps, a family of curves may be plotted as shown 

in Pigs, 389, 390 and ^91, the curves being limited by the surge point on the 
left, and the minimum pressure ratio towards the base. 


o 

s 

c^, 

c: 

■I 

!S 






\ N 

\ ^ Sp^EQ COMPRESSmtUTY 


pAflAHETER 


Row 



^ i 

: '^41 i'W 
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These quantities may be referred to Fig. 389 to locate point A, Knowing the 
position of point A the speed N, which is the primary variable in centrifugal 

N 

compressors, may be interpolated from the speed compressibility parameter . 

V-*i 



Having obtained the speed, the discharge temperature may be obtained 
^ from Fig. 390, and the power from Fig. 391. 
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For this purpose corrected values are much better and are obtained thus: To 
correct the speed to standard inlet conditions 


For mass flow 
Also 


4t' 

Pd p 

Pi P , % T 
^ = ™ and 7J = 7ir* 
Pi Pst T,i 


EXAMPLES 

Flying Bomb. 

It has been stated that for the consumption of 960 lb. of petrol a Flying Bomb” 
had a range of 150 miles, an average speed of 360 m.p.h., and a propulsive force of 
600 lb. Taking the calorific value of the fuel as 18,500 b.t.f. per lb., the maximum 
temperature rise in the combustion chamber as 1500'’ F., the diameter of the discharge 
orifice as Ifb., the altitude of flight as 2000 ft., and Cj, for the exhaust gases as 0*25, 
determine: 

(i) the air-fuel ratio; 

(ii) the approximate temperature of the exhaust gases and their velocity relative to 
the bomb. 

(iii) the propulsive efficiency and overall thermal efficiency of the power unit. 

Let w ~ weight of ah’ supplied per lb. of petrol (lb.). 

18,500 =;*(mj+1)x 0-25x1600 


10 « 48*3, i.e, air-fuel ratio is 48-3: 1. 
Let V Velocity of jet relative to the machine. 

U = Forward velocity of the machine. 

Then, assuming the machine to be flying in quiescent air: 

1 

- Air in lb. per sec. Ih* see. 
Propulsive force =» ( F — u ) ^ — — 

ISO 

Dmatia«of%M = g^x80*=IS00sec. 

' I , Fuel consumption per sec, « « 0*633 Ib. 

Air eoniiamptiott per sec. « ^8*3 xO»633 » 30’6 lb*, 
.',360x6280.5 


F. 


:( 1 ) 



V- '• 'Xr /du 

V t 
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TT 


xPxim 

<3 4 

specific volume ofthe exhaust gases = - ^ . - = 28*5 cu. ft per ]b. 

(oU*o + U'boo) 

At an altitude of 2000ft. the barometric pressure is 13*7 lb. per sq. in. abs. Hence 
Temperature of exhaust gases - ^ = 1053® R. 


53-4 


2t7 


Propulsive efficiency 9/p ^ P* 763). 

2x528 

■^1134+528 

If allowance is made for the change in momentum of the fuel: 

600 x 528 
31*233 

Propulsive efficiency y = ( — 


= 0*64. 


64*4 


31*233 


^ , 1 fc . 600 x 528x100 

OveraJl thermal efficiency ^ oisS x78, M x 7 78 = ' 


Jet Plane. 


The following data refer to a jet-propelled aeroplane which develops a propulsive 
horse-power of 1000 when flying at 30,000 ft. with a speed of 450m.p.h : 

Internal efficiency of turbine, 0*85; efficiency of compressor, 0*85; efficiency of jet- 
tube 0*9; inlet pressure and temperature , 4*35 lb . per sq. in. abs . and 4 10° R. ; temperature 
of gases leaving combustion chamber, 1700° R , pressure ratio r^, 5; calorific value of 
fuel, 18,500 B.T.xr. per lb.; velocity in ducts constant at 600 f.p.s.; for air, = 0*24, 
y = 1*394, R == 53*2; for combustion gases, 0^ ~ 0*26; for gases during expansion, 
Op = 0*276, 7 = 1*33, 

Determine (i) overall thermal efficiency of the machine, (ii) rate of air consumptbn, 
(iii) the power developed by the turbine, (iv) the outlet area of the jet tube, (v) specific 
fuel consumption in fb. per lb. thrust. 


Overall thermal efficiency njQ = 


2 M.S, 

r^i 

fl+— ] 

\-\ 


-2jJc.V 

J 



(see p. 764) 



The. various quantities in equation (1) may he evaluated as follows; 
(a) Mixture strength (m.s.). 


c.v. = (H.S. -I- 1) X 0*26 X (see p. 76J) 


( 2 ) 

* ♦ 




Vt” (see p. 765) 


,aJid r, * S’, B. ■ ' 

* 0‘39i ' , > . " ' ^ ‘ y 

'■ , pa ,.i ';'V 


.....(3) 


ft 
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Whence on substituting in (3). 


Substituting in (2): 


whence 


r, = +410 = 092 - 4 °B. 


(m.s. + 1 )xO- 26 x ( 1700 - 092 ) = 18 , 600 . 

M.S. = 69*6. 


(&) Velocity of machine (U). 


450x5280 

17= — gp — :=:= 650f.p.s. 


(c) Discharge Velocity (F). 

This cannot be determined from the thrust equation as the rate of air flow is unknown 
but may be determined from the expression for jet efficiency: 


= ^ (seep. 767). 

It is thus necessary to .evaluate T, and since F 7 is given as 600 f.p.s. 

= (see p. 767). 

\ M.a./ 


1700-^7 


0-24 [ 6924 - 410 ’ 
^69-6 


whence 


a 1468“ Re 


Let Tgi =* expansion pressure ratio in turbine, i.e. = | 
Let r^,* a= expansion pressure ratio in jet tube, i,e. = 




>7 


« 5, 


‘ 1 ii 

' , f jr *■ gt 

Internal efficiency of turbine «= , 

^ • . * — fr 

' ’ > ' ' I ' ' "4 fi 


n __ 

i-f % ’ /* 


•r±h 


(7) 


c jS*- i'' 1*1 ,,j .iV h’ ' ^ ‘ '' 7 i,4 fcflt 

'S' ' • ^ V - ' ' ‘f ’i'' i 


^ I' Jf 
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and 


r., = 


" 2 085 


24. 


^ _ ^7 _ 117'^op 

■*08" zzi f~ — X 1 / A jcv* 


^C3 y 


244 03 


Substituting values of 7, and in (5) 


0-9 = 


E! 


778x0-276(1458-l]72)+- 


whence F=2073f.p.s. 

(d) Overall thermal efficiency {rj^). 


6^ 

¥ 


From (1): 


% 


/iJ A . . nrtc\ . . in i-nn i.'XA* 


644 x 778x18,500 
6502 


+ 1 


(e) Bate of air fiow (w). 

This may be determined from the thrust equation: 

1000x550 


^ w'-^ j.. V 1000 x 550 

Thrust = - F-?7+ — = — 8471b. 
ff MS. 650 




847x32-2 


2073 

L 69-6 2073 J 


650 

= 18-78 lb. 


(/) Horse-power developed by turbine. 

If change in velocity is disregarded, we may write from equation at top of p. 762; 


H.P. developed by turbine 


550 


18-78 ^1 + X 778 X 0-276 x (1700 - 1458) 

“ 555 ^ 


« 1800. 

With air as the working fluid the h.p, would be 2070, the difference being due to the 
higher speoiflo heat of the combustion gases with a corresponding reduction in Tg . 

' (gf) Outlet arevt of jet tube. . ' ' 

' In order to determine the density of the gases in the jet tube, their temperature mpst 
be estimated. 4ppiykig Bernoulli’s equation to sections 7 and 8 of Fig. 381: ^ -* 

^ '20732-60()»' V ' ^ 

“ 'A -"■" j' ." " mwiv ' '."a ' 


V , „ > 

'fi, ,»'■'< \r ,( / 

;/wlSice ■' 

A ", I 

•" A _1>t „ \ 


vV'^! ’ " E: " ' J: ' ’ 

^ , ' 1 r ' I « 1 r , ‘ , I ' Ij, . 
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Let p = density of e^^haust fifa«>es in lb pei cii It 

_ i) _ 1 3^x 144 _ J_ 
G32xim~100‘ 

Dischaigo of jet tube == w = J Vp lb /see. 


100 

14 
2073' 


, 18 78x10144x100 , 

-4 = — — = 0 919 sq.ft. 


(/i) Spcrijif fuel consumption. 

18 78 I 

Specific fuel consumption m lb. per hr per lb tliiu«?t ■= - x WH x — = 1*146, 

b9 b 847 * 

As a check on the overall thermal efficiency we may wiite 

Heat equivalent to piopuWve n.p. 


7o 


Heat from fuel 
1000x5.70 


IS 78 

18,500x778 
09 n 


= 01415. 


Thrust Boost, 

C’alculate the additional thrust and the modified overall efficiency of the unit when 
100 % raeie fuel is burnt at 1 he entrance to the jet-tube of the engine of which details 
weie given in the previous example, assuraing that lo-hcatmg takes place at constant 
pressure and the various pressures remain unalteied. By what percentage should the 
outlet area of the jet be incieased if = 0 20 ^ 

18,500 -= (M s.*h2) X 0 26 X (T- T^). 

18,600 « (60 0+2) y 0 26 X (T- 1458). 
r = 2452‘’R, 


whem e 


0. = 0,- ® - 0-26-®*'^ = O'lSlG. 

7= - =1-36. 

^ 0-1015 

2462 


Temperatme after adiabatio expansion in jet tube ~ 

2*4i Mi 

Brom the jet effioienoy^quation: 

pa 

64-4x778 )<0-26(2462-i948)+60V’ 


a me^E. 


whence 




KB2500f.p.s. 

Thrust- [2SOo(l+gig)-63o] = imib. 
Temttl»sa baaeaeo to thrust — f ~ x 100 — 32-2. 
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Because of impeifc(t combustion, lo^vei jet-liibe etfieieiiey <iiid diffeitnt bpceifii* 
lieat the actual value vould piobabl\ b(‘ les, than this 

Modified overall efiieioncy — f l ^0 x 6.)0 _ ^ 

^''x2>'lS,500x778 
o9 0 


Consideimg sections 7 and 8 of Fig. 381, 


2500^-^6002 
^»“64 4x7“^x0 26* 


whence 


Ts = 2002® R. 

Bemity of exhaust gases, p = P®’' 


18-78 


Discharge of jet-tube = AY pVa /sec. 

^x2500 
170 

A = 1*316 sq. ft. 
a 316-0 919^ 


\ ^69 6/ 


T .XI. /1316-0 919\ 

Increase in jet-tube area = I — — 1 x 100 = 43*2 ®/o» 

In practice this increase in area is obtained by means of an adjustable spear similar to 
that used for varying the nozzle aiea of a Felton wheel. 


The gas -turbine -propeller propulsion unit. 

As an alternative to deriving the propulsive thiust solely from the turbine 
exhaust discharged as a jet, the turbine may be designed to develop power in 
excess of that required by the compressor and may then be coupled thiough 
gearing to an airscrew or to a low-pressuie compressor fitted in a duct from 
which the propulsive thrust is derived. In each case the thiust is augmented 
by about 20 % by the thrust due to the turbine exhaust, resulting in unproved 
thermal efihcienoy at moderate speed and altitude as compaiod with the normal 
jet-propulsion unit. A plant of this tjrpe is smaller in size and of less weight than 
a reciprocator of equal power and with farther metallurgical development of 
suitable materials it should offer the additional advantages of longer life, mcreased 
reliabihty and easier maintenance. 

As the power delivered to the airscrew is the excess of the turbine power over 
that required to drive the compressor, and is small compared with these powers, 
the power available for the airscrew is very sensitive to changes in efficiency* of 
the turbine and the compressor. The upper limit of speed is governed by the 
aicsorew and is limited to about 600 m.p.h 

The turbine is very inefficient at low power, thus to maintain operating 
efficiency over a wide range multiple power units should be installed to giye the 
required maximum power, the number in use depending upon power require- 
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meats. As the output of the turbine decreases with altitude the power at low 
altitude is excessive in a iiiachine designed for high altitude, but the improved 
efficiency of the airscrew at low altitude enables it to absorb the extra power 
without difficulty. (An airscrew' that can absorb 2000 h.p. at 30,000 ft, can 
readily absorb 3800 h.p. at sea level.) Compared with the reciprocator, the unit 
offers the advantages of increased rate of climb, increased speed, increased range 
and increased cargo-carrying capacity. 


Overall efficiency of the gas -turbine -propeller unit. 

If the ramming effect at inlet to the compressor and the thrust due to the turbine 
exhaust are both neglected, the overall efficiency of the unit may be written as 

_ Work done by turbine- Work absorbed by the compressor 
Heat supplied in combustion chamber * 

The turbine work may be obtained either from the expression on p. 762, or 
from the expression for internal efficiency Thus: 


Actual shaft w'ork , 
"" Adiabatic heat drop 


From the diagram of p. 781 


From Fig* 303 



T ' 

1 z."i 

% 

-JL 

~ zzl* 
y 


( 1 ) 

.( 2 ) 




, By (2) in (I) 



Work abspj;l>sd by the eompreMor per lb. of ait compressed ■ 
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N(‘glecting thci a anation iii Cj, .ind al&o the inciease in products of combustion 
due to 1 lie fuel , 


v.Tn- 


1 




^0 = 


/ 111 

\ 7p 


(7) 


By taking = 520°H ) and =- 1^60 R (1500‘='F ) as representing 

piactxcal limits of toinpeiatuie, tins e\piession may be used to estimate the 
lelationship betvieen the \drial)lcb invohed 
Using thes<* values of temper aiuie and taking ?j^ = 5, the value of can be 
determined for given valuefc of 7 /q and v- hence characteiistic curves each 

lejir esentmg a constant value of )}q may be plotted against t]^ and as m Fig 394 



Fig. 394, Yariation of overall eHlcioncy % wdh and 


Fig. 396 shows the variation in % with Ti for 0*86, and % 

constant at 1960° R. A similar curve shows the variation of rj^ with % for Ti 
constant at 620° E. Since ^0 increases with increase of and decrease of T^, a 
gas turll^ine should be efiioient at high altitude. 

Fig. 396 shows the effect of variation in the pressure ratio on the nett work 
and on By equation (1) p. 780: r y-j 

Shaft work per lb. of gas » Vi^p^s ^ (“M ^ 

L W 



Compressor work « 0 ^ 


% 



. j . 




Heat Equivalent of Work b.t u. 
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The curves of Fig. 396 have been plotted using 

0-85, = 520°R., 7^3 - 1960°R., y = 1-398, and = 0-2412. 

Noteworthy features of these curves are the large power required by the com- 
pressor and the low overall efficiency notwithstanding the high values of rf^, 
and 

Fig, 397 shows the effect of turbine inlet temperature and of compression ratio 
on the specific fuel consumption in lb. per H.P.-hr 



CoMPBEssiON Ratio 

Fig, 397. Effect of compression ratio and turbine inlet temperature on 
, the specific fuel consumption. 

,, The curves indicate that there is little advantage in exceeding a compression 
ratio of about 8:1. In practice the reduce4 efficiency of the compressor with , 
increased eompression ratio would make the optimum compression ratio even 
lower. It would also appear ft'orn the curves that the simple gas turbine cannot 
compete successfuEy with other prime movers in the field for cheap power. 


; CoiiapQttiided gas tqrbine with heat exchangers. 

'v ' , ; The pe;rfpijnsi.nce ofagas tebiiie unit may be.substahtially improved by the 
' adoptWof the foliowingmodificat^^ 

v’-'V; : r 4^) Bjage odmptesslpn and intercooHug, which ©ffects'a ootisiderable reducffbn' 
■' power required drive 'the compressor, and in the temperature after : 

,, - ^ ■ 
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The gain in efficiency dne to the pro'vision of heat exchangers azid intercoolers 
is achieved at the expense of increased weight and increased cost. The elements 
of a plant of this type are shown in Fig. 398. 

The work of compression is a minimum when the interstage pressure ~ 4pip^ 
(see p. 98) and for this condition the changes of temperature and of entropy are 
equal in each stage. By means of compound expansion and reheating, the reverse 
effect is achieved in the turbine, such that ~ and 



If variation in specific heat, and the increase in weight of the combustion gases 
due to the fuel be both disregarded, and if the he^t exchanger he assumed perfect, 
the temperature of the air wiU be raised, at pressure Pa, from % to !ZJ whilst the 
exhaust gas wiU undergo a similar reduction in temperature. The combustion 
air wiU be further increased in temperature from Tg to in the combustion 
chamber, after which the gas expands in the h.p. turbine to the intermediate 
pressure before being reheated to (Tg = Expansion in the l.p. turbine 
causes the temperature to faU to Tq = the exhaust then passing to the heat, 
exchanger in which the temperature is reduced from % to = T^. 

Neglecting radiation losses and changes in kinetic energy, we have: 

Work done in turbine, per lb, of gas = 20p{T^-T^ (see p. 762) 


( 1 ) 

' Work done in compressor, per Ib, of gas = 20^(22 -2\) 

m 







# 




lor tie ease of a simple gaa turbine fitted with a perfect heat exchanger in its 
exhaust system the' corresponding expre^on would be: 




' . A (stoparispn of equations (6) and (7)'shows that the effioiencies.of the OOP- 

B ' 'wond hind simpleunitB-are equal lylien the compression ra,tip of the for^r is %e 
the jcomwessibn jate of. the, latter, expounding' fe thereto.ito|t, 
Xips';:'lX>ws a heat exetopg® most eftoX 

,8bb^''a 




j I ’■'S'**' “ '' ’ t ’J ' 1 I 
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of the high discharge temperature from the compressor, these conditions favouring 
the compound machine. 


Effectiveness of heat exchangers. 

/ 

Since a temperature difference is necessary to establish a flow of heat, a heat 
exchanger of the tubular type cannot effect a complete transfer of heat, and is 
le^s efficient than a rotary regenerator of the Lj angstrom type. The performance 
of a heat exchanger is represented by the ratio: 


Heat lost by heating fluid 

Heat which would be lost by heating fluid if cooled to the inlet temp, of the heated fluid 

Temperature drop of heating fluid 

"" Inlet temperature of heating fluid— Inlet temperature of heated fluid ' 

By assigning various performance values to the heat exchanger of a simple gas 
turbine plant, the specific fuel consumption was computed for various compres- 
sion ratios and the results are shown in Tig. 401. Increased efficiency of the heat 
exchanger results in decreased specific fuel consumption and decreased com- 
pression ratio. ^ 



Fig. 400. 


Fig. 402, which is based upon the values of temperature, and efficiency used in 
constructing Fig. S96, shows the variation in no and in the net work of a odm-, 
, , pound machine fitted with .a heat excl^angei which is largely .responsible for the 


.i’^ithjah ipflnite number of stages and heat exchangers the increiinehts o| heat 
I M<|ed'ih,the yariphs feieaters ^ given at appranmatbly constant temperature, | 
vwi$b,ijhei ihcrei^enfspf heat ybjuovedinthe inberctoleifs ate ren^vedat approxi-' 

*' ^'hgfately ^eohktant'!t^mper^^^ the ‘cycle tbps corresponds 'to the 'Eri^spn^ /< 
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Regenerative cjclc vliich ^i\o^ the simc oKificncy as ilie Cainot cycle The 
full lines m i"']^ 40 1 sliow Ihc Ericsson cycle. 



P’lg 401 Sunplo turlime v, itb f xh'uist he i1 c^r han^^ei Effer t of \ nriation of performance 
of oveliang^ i mul conxpiCissiou iatn> ou % r o. 
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fn pupaimg the cunes losses jii the ctmihustion cliaiiibors and heat 

exchaiigeis ]ia\e been disK.,. aided whcitas in piutice these losses inay be 
consjdoiablo (It lias been stated tluit thr heat tvelidiigeis ot a J5<)0n p set 
contained 8^^ miles of slieamlmediutktltnbmg ) ^oU\^tll stand mg the addilioinl 
\^eight and complexity of compounded engines the Biisto! Aeio]>l me toinpain 
ai(‘ de\ eloping the Theseus enonic on these lines, the conpncsboi and pio 
pellei bemg dii\en by separate tmbims so to obtain the most snitabit=‘ 
lotational speed loi each 

It IS pie dieted that at tempciatuies in e\(( ss of 000° 0 the com pounded gas 
tuibino will have a lughci theimal efliCKnc\ than a huge steam plant anel that 
at tcmpeiatuios o%ei 1000" C the fheimal eiiitiene 3 cveeed ot)% The 
increased ca]ntal and mamtonance costs of such units may, Jiowevei, offset the 
saving in fuel cost consequent upon higiiei thermal efficiency 


Gas turbine with dosed cyde. 

The following advantages are claimed foi the use of a closed cycle m which the 
same working fluid is lepeatedly used 

(1) A gas with physical propeities supeiioi to those of an may be used 

(2) 'External heating peimits the use of any fuel, as m the case of hot -an 
engines 

(3) The system may be charged under piossuie, the increased chaige weight 
thus permitting of a much higher powei output than with a low-piessure open- 
cycle plant of similar size and speed 

(4) The power output at constant speed may be vaiied by addmg or absti acting 
working fluid, thus altering the ohaige weight 

(6) The velocity diagiams aie the same over a wide range of speed, since the 
pressure ratios and the temperature drops are mdependent of the general level 
of pressure 

(6) The rate of heat transmission is improved 

(7) The flmd friction loss is reduced because of the Ingher Reynolds’ number 

These advantages are offset by the additional complexity of the plant, which 
must compiise an externally fired heater, a gas cooler, and various heat ex- 
changers Because of the poor conductivity of gases the heating suifaees must be 
consideiable and/or the velocity of flow high, both of which requirements result 
m mcreased fluid friction loss. 

Comparing the plant with a steam plant, the externally fired heater corre- 
sponds to the boiler, the gas cooler to the condenser, and the compiessor to the 
feed pump The efficiency of the gas tuibme plant may be higher than ofrsteam 
plant notwithstanding the large power absorbed by the compressor. 
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Ideal cycles. 

Whilst any cycle applicable to hot-air engines may be employed in a hot-air 
turbine, not all such cycles lend themselves equally well to the characteristics of 
this machine. 

Since the thermal efficiency of the Carnot cycle depends upon the ratio of 
adiabatic compression (see p. 68), the cycle is unsuited to the gas tui'bine 
because of the low efficiency of rotary compressors at high compression ratios 
Jf the adiabatic operations of the Carnot cycle be replaced by constant pressure 
operations, the Ericsson cycle is obtained (invented about 1840 by J. Ericsson 
a Swedish- American engineer). Eig. 403 and Fig. 404 show respectively the^j; 
and Tcj) diagrams for the cycle. By the provision of regenerative heat exchangers 


2 3 



I 4 


V 

Fig. 403. 


the heat rejected between 4 and 1 is stored and is returned to the high-pressure 
air between 2 and 3. Heat interchange between the charge and external agencies 
occurs only during the isothermal operation.?. 

Heat supplied per lb. of air = 

* Heat rejected' 

Heat converted into :work ' ~ EIoger(!rn,ax.~-!rjjii„,), 

; , Thermal effioienoy . ' 




moK. 


" f ; . ^Although this is.the same as the Pamqt efficiency* it does not depend upon the 

^ rbtaiy'.cpmprhsto is-hot isentropic* much less isothermal, ^ 

h^:appr©sMJhed onlyhy sli^e ffiter; 
'hhe iinorteases^wjth^thV; 




TCT?;— 'y-v— -wyi.j-'i'".’-- a)ce only 

'i' I"*- ' ^ ' ' ‘'i- 'V 
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Fig. 405 shows a two-stage plant in which the maximum and minimum pressures 
were respectively 343 and 851b. per sq. in,, giving a pressure ratio of about 4. 
The heat balance is indicated in the figure. 


A /i A 

/ ' V • / I / • 

S ^/ Reheating-^ // 


i 

<f/ 


!NTEf?C00LIN( 


I / } /' ! , 

1 / \ 1 * V 


Expansion Work 


\7 mih ^ 

— Actual 
y 

Compression^ 

Work 


4> 

Fig. 404. 

Heat Exchanger- 


Water _ 

Air 

Cooler 


7S0T. 

/www-^-800'’F. 

— — .J 96 lb. 

Chimney pers^.in.Abs. 


I'' J ' 


tTnar 14ST. 

343 LB 

1 1 85 L8.PER PER 8n,|jij 

'IS9.INABS. 

Compressors 


7 I moV* 

I Combustion Chamber Driven Machine 
4270*F \ 


l.R LfU 


^ ‘T TL MOOb-p-m. . 


in 3-7% 


ft f-l 1 ft ' ■ ’ ‘ r,'^ 

/ y Peheater- 

t—i^NTERebOliERS ' ’■»' 

V' ’ 'Flgp 405'. Closed oyaW gas tfirbkxe. 


2000 KW. 
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Future prospects. 

The thermal efficiency of any heat engine is a function of the temperature 
ratio which it can usefully employ. 

In this respect a turb] ne is severely Jiandicapped since the maximum tempera- ^ 

tnro it can handle is about 700° C., whereas a reciprocating engine can deal with * 

momentary tonij)eratiires of 2500° C., but can make Kttle use of temperatures 
below 1500° G. . 

For high thermal efiiciency. therefore, the reciprocator should exhaust to a I 
turbine, which in turn could drive a blower for supercharging a simple port 
ojjcrated two-stroke engine. 

"J'’he power output of the turbine wwld be well in excess of the requirements of 
the blower, and it is estimated that the brake thermal efficiency of the plant 
would exceed 40 %. 


EXAMPLES i 

(1) Air at 101b. per sq. in. ahs. and 40° F. enters a centrifugal compressor which | 

increases the pressure to 60 1b. ])er .sq. in. abs. with an adiabatic efficiency of 75 %. 
Determine the final temperature of the air. Ans, 486°F. 

(2) An aircraft travels at SOOm.p.h. at an altitude at wffiioh the pressure is 81b. per ' 

sq. m. abs, and the temperature is 0°F., the calorific value of the fuel burnt being I 

13,500 B.T.IT. per lb. On the assumption that the inlet duct converts the entire kinetic ; 

energy of the air into pressure energy, and that the adiabatic efficiency of the compressor 

is 80 % when the pre.ssure ratio is 5, calculate the air-fuel ratio if the maximum tem- 
perature must not exceed 1600° F. Take Gj, as 0-23. Ans. 

(3) A jet aircraft travellmg at 600 m.p.h. utilises 2000 lb. of air per min. The air-fuel 
ratio is $0:1, the compre-ssion pres.sur© ratio is 0:1, and the calorific value of the fuel 
is 18,300 per lb. Neglecting ail losses, calculate the thrust, the specific fuel 
coasumption, and the propulsive efficiency. 

A'ws. 2270 lb/, 0-881 lb. per hr.-lb. thrust; 40%. ■ 



(4) ShoV that the gain in kinetic energy per lb, of air passing through a jet engine 
Vhich operates on the Joule cycle is given by 


, V „ JT^ysisaO'^B. and shbw that the Opthnum compressibn rations ,J 

/ 5 ’ ^ ^ / -f t * > ' * ^ ' 

^ ‘A jWpJfOpeM akcrafb requires ^00 e,!*. at ,400 ffi.p.h. The fuel oonsunxption is | 

hft/the-'calorifie yalue of, the fpbl is 1'8,300 B.T.tr,)perlh.r i : 

&emiffin,h'the air/fuel mtid^ the .velqditf '|ina ■ 


,, i ' , . , j< ))/• l',; 
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(6) Tt has been siH,icrl tha^t the Jujno CM)4 jot propulsion engine develops a static 
thrust of 1980 lb. at sea level (15*^ 0., 30 in. llg) with a specifio fuel consumption of 
14 lb. per hr. 4b. thrust, an an* consumption ot 43 lb per sec., a compression ra,tio of 
34, a jet speed of approximately 1400 fp.s., and delivery temperatures from the 
compressor and from the combustion chamber of about 150° C. and 700° C. respectively. 
About 5 % of the air is used for cooling. 

Check the information given: 

Ans, For the static thrust given the air consumption should be about 45 lb. per sec., 
and compressor efficiency is 0-798. Neglecting radiation, the calorific value of the fuel is 
only 7800 o.h.u. per lb., which is too low and mdicates either that combustion is very 
imperfect or that the specific fuel consumption is too high. 

(7) The following data refer to an early Whittle turbine, for wdiieh the pi? diagram is 
given: 

Turbine efficiency rjj, 0-7; compressor efficiency 0*8; jet efficiency 0*9, pressure 
ratio, 4-4:1; inlet pressure and temperature, 14-7 lb. per sq. in abs and 288° K ; for 
air, 0-24 and for products, 0-25, y for compression, 1-4 and for expansion, 1-379; gas 
constant for air, 96*6; calorific value of fuel, 10,500 o.h.tt. per lb.; latent heat of fuel, 
76C.H.TJ.; air consumption, 261b. per sec.; fuel consumption, 0-3635 lb. per sec.; 
velocity through the combustion chamber, 200 f.p.s.; axial velocity at tui’bine exhaust, 



Determine the static thrust at sea level, the power to drive the compressor, and the 
condition and velocity of gas at the points 1, 2, 3, 4, 5 and 6 in the cycle. 

Ans. 1310 lb., 3020 h/p. 


State point 

Pressure 
lb. per sq. in. 

Temperature 
°K. ' 

Specific 
volume 
eu. ft. per lb. 

Velocity 

f,p.s. 

1 

14-7 

288 

13*11 

0 

2 

64-6 

478 , 

4-56 

200 ^ 

3 

64-6 

, 1053 V 

10-9 

, 200 

4 

23-1 

794 

23-1 

. 2425 ^ 

5 

, 23*1 

844 ' 

24-4 

V mo 

6 , 

, 14-7 ' 

. , 759 

34'5 

. ^ I'eoo 


am >. '' , . ^ 

, combu^ion turbine works on a cycle in 'which ihe afij is-eomliresseel.* 

/ ra&baiieally atmbsphem |>tebt!re of 3,4*7' lb*’ pe^ -sq, in. c<nd ftempkatnxe 

4 4 ' . ^ ^ ^ ^ ^ oj ♦ * j' 4 ' ‘ " 'i j , > , ,, , 

. .. ^ V '' « . f i rv- , 
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2U° C' to a pressure of 40 lb. pci bij- in. heat is added at constant pressure and the hot 
^cib ej^pands adiabatirally to atmo&pheiic prcssuie. Ef tlio uidiimum temperature is 
560' C., find: 

(a) tlie heat discharged in the exhaust, per lb. an; 

(b) the ideal eiriciency of the cycle. 

Take Cp as 0 238 and C\ as ()Tb9. An$, 77'5 o.hu,; 24.’8°/ 

(9) BSf. (1941). 

A gas turbine is supplied with gas at 800® 0 and 75 lb. per sq. m. and expands it 
adiabaticaliy to a hark pressure of 15 lb. pei sq m 

If on ing to internal losses, theefficiency of the tiubmeielativetolnctionles&adiabatio 

opor.itiou IS bO values of and T,, foi the tempeiatuie range 0-249 

and O' 183 icspcs ti\cly, estimate 

(a) the ir.p. developed per lb. of gas per rain.; 

{b) the exhaust gas tompeiature. Atis. 3‘15;60rc. 

B.Sc (1943). 

(10) The ciit<‘i ion of the thermodynamic officienevof piston compressors is isothermal 
comprcbbton, \\hile that for rotary compressois is adiabatic compiession. Discuss the 
reasons for this, pointing out, in the two cases, why practical machines fall short of these 
criteria. 

In a eompaiison of two rotaiy oomprossors, A and B, for raising the pressure of air 
from 16 to 26 lb. per sq. in. it was observed with A that the final absolute temperature 
w as 1 -2 times the initial value w hilo with B the increase of pressure took place at constant 
volume. 

Find the values of the adiabatic efticiencipa of A and B under these conditions. Take 
r « 14. Am, 0-785, 0-2355 

B.Sc. (1943). 

(11) An oil-gas turbine installation consists of a reaction compressor, a chamber into 
which oil lb injected and in which combustion takes place at con.stant pressure, a set of 
nozzles and an impulse turbine. The air ia taken m at 15 Ib. per sq. in. and at 27° C. 
and is compressed to 00 lb, per sq. in. with an adiabatic efficiency of 86 %. Heat is 
added by the combustion to raise the temperature to 672® C. The combined efficiency 
of the nozzles and impulse turbine is 82%, The calorific value of the oil used is 
10,000 O.H.u*. per lb. 

Pind, for an air flow of 180 lb. per min., {a) the air/fuel ratio of the turbine gases, 
{h) the final temperature of the exhaust gases, (c) the net ii.p. of the installation, (c?) the 
overall thermal efficiency of the installation. 

Up to the point of entry to the nozzles take 6'j, = 0-238, = 0-17 ; after that point 

take 6’^«0-26i, a,«0-19. Am, 111-5:1; 374®C.; 71-7; 10-48%. 
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OITAPTLU Win 


VAf? TAT] ON IN aPEClTIC HEATS 


Computation ot efficiencies of mteinal combustion engines allowing for 
vaj lation in specific heals. 

The fiioimJ ciiiciency of an inttiiul <omhustjon inline depends on the cycle of 
o})(*i xtjons tlie woikin^ fluid, and the fcin[)ti aline range which, among other 
things, IS d( })cndeiil on the spi ( ihc heat of the w ni Ling liiiid 
Eiom j)p ,19 and 799, it will ])c sc( n th it the tine specific he it of gases is also 
a iuuctiun ol ieinpei ituie, so that the total heat is given by. 

J Kj,(IT, and the cntiopy by J 

Total heat is defined is the sum of the piessui e energy and the internal energy 
and hi i , so j)ei mol ol gas this becomes 

lOSST+n = j Kj,fIT==h0i,5T (1) 


The total heat per lb of gab is the total heat per mol divided by the molecular 
weight of llie gas 

in internal combustion engines, oi gas tui bines we arc conceinod uith a 
mixtuie of gases A, B, O' etc , and if % p ^ % i\ etc aie the percentages 

hy volume of the gabos whuh have 'volumetiio heats K^q, etc , then 

the mteinal energy of the mixture is given by. 

“■ - 'mi/- -M 


This equation may be plotted on a tempoiatiue base to give an internal energy 
curve, Fig. 408. The change of eniiopy of the mixtuie, at constant volume, is 
given by 


%V_A 

100 


K. 


T, 


■oArp-f -joo 


'2 

JJ 


dT 

Tji +eto. 


,..(3) 


To obtain the total heat, automatically, from the mtornal energy curve 
(Fig 40^), it is necessary only to mciine hne OA at T985T to the temperature 
axis, and measure the mteroopt AB, as suggested by Prof W D Goudie * As 
m example on the application of this diagram to the solution of a practical 
suppose the maximum temperature attained at constant volume or 
pressure combustion m an mtemal combustion engme is required. 
* See bibliography* 


VmiahoH in Hi ah 

Fiist wc must know the iiiitui tern pel dtiiie7’i and lh( }ic<it jeleisod pci inoloi 
Ihe piodudb of combustion Sol ofi this heat hoii/ontall> fioni point 1 to 
and thioiigh 1' uert a veitioal to mtciseei Oie mtcinal eneig^ cuive in jioini 2 
hence may be sealed ofi 



Fig 407. 


Had tins heat addition been made at constant press i 
final temperature T'^, draw through V a Ime parallel to ^ 
in point 2', alternatively, for a temperature iise 
supplied at constant pressure is gi^en by <72. ^ 

Of course each mixture of gases has its own mte^be allowed for ^ ^ 

nateiy the preponderance of nitrogen causes W.GeyerX 
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Variation in Specific Heats 



ir internal energy curves will also cover the range of mixture strength 
, f internal combustion engine or gas turbine. 

This equation \ 

curve, Fig. 408, litsion referred to m energy diagram/ 

given by , method the worfe done during isentropio expansion 2 to 3 

< internal energy curve thus: , , ^ 

V rn 1 A . Vii ^ . '’dianioal work done » - Change in le. 

<; To obtain, the total , ' _ ' , : ^ 

' (Fig. 40§), it is necessarjn internal energy we mustknow temperature 23 as well 

, a^s, and, measirne the m'^alue of ^ may be obtained, from the equation . 

armlik’’ ' / f. 


^ 1 ^asiample on ' uppM” ' 

iIAki ^ ' 


*a;, ■ jj 


rp 




flis fchom.'' T/'l-' 




) ^ " 
1 ‘'j t si 
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Refer this value of to the internal energy curve, and from the change oS 
internal energy compute the mean volumetric heat for the range to T^, thu^. 

Change in i.e. - {Ts~T^), 


also 


•^33 mean ■*" •^^mean.'h 


Tabic I 


Gas or 
vapour 


0 . 


N, 


CO 


H, 


H.0 


COa 

Methane gas 
CH, 

Ethylene gas 

W 

Ethane gas 

CA 

Petrol 

C l XT' 

Paraffin 

CxAe 


Equation for true specific heat 
in B.T.u./lb. mol E. 


„ 172 1530 

= 11 . 51 B_g+if 2 + ^^(T- 4000 ) 


T 


ya 


I- 3-29x10® 1-07 X 10* 

£:, = 9-46 + — 

= 5 - 76 + 35 ^ r+^ 

-r. 7 fi 0-578T 20 O^SSir-iOOO) 

— O'/Ot" -.f.nn • 


Temperati 
range 
F. at 



540- 

500 


1000 ’ Vt 1000 

K -19.80 597 7500 

if,- 19 80-^ + -^ 

^ 6*63 X 103 1-41x106 

jftj, = 1 d *2 jpi 1 - 


15 LoGe T/j 


T 

iCj, = 4-52 + 0*007377 
= 4-23 + 0-011777 
X^ = 4-01 + 0*016367 
=: 7-92 +0*06017 
8-68+0*08897 


ya 



Table prepared by R, L. Sweigert and, M. W. Bea 
logy, Atlanta, XJ.S,A. 


/Zero 

^¥opy diagram. 


^ ,1. better value of y for this temperatuj|^'’ 

TF^ingihia value? of y recaloulate anci^ngth may be, allowed for,, ;i 

‘ ' V 2 . L,.__ , lisgreah. BrSl. 


/ acqural^ yalud of tjie woTlrdone, 

‘‘ ^ , , *■ ' ' 
r ' r'Ml, J' ’ ' i " t’ t- . 
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^ Tliis trial md error process may be good enough for the solution of odd problems 
piit for rapid and accurate solutions it is worth while constructing a temperature 
tropy diagi’am. 


"opy diagram. 

llowatiee is made for variation of specific heats the plotting of a complete 
y diagram as shown on p. 190 involves considerable work, and for the 
^ of most prolileins connected vith internal combustion engines this is not 
a single constant volume curve often being sufficient, since all constant 
lies have the same shape. 

-180, Per mol of gas|j = , when T is in ° C. 

, , 2780 ['^dv „ dT 




5},-^ii=l-9851og„-“+ K^i. 

h JT, i 


•( 4 ) 


'ptary machines Dj/®, is not known, so it is more convenient to 
'ressure thus: 

n\ HT 


\ 5 ia-?Si= 1-985 log, J)i/i)a+ 


T' 


.( 6 ) 


Aesot.t/'^ an isentropic operation to be split into two equivalent 
>yolume operation in (4), or a constant pressure operation 

18 taut temperature operation given by the first term in 

\ ' 

. ^ , Wration 6^-6. ^ 0. 

ir internal 

f internal dT 


The 

weight ( 

In inti 
mixture oi 
by volume > 
the internal' 


TMsequationi \ . 

curve, Fig. 408. Insion refe|pperation is set off from point 1 (Fig. 409), a vertical 
' , given by intersect the constant volume curve at temperar 

’ ' ' s>m the inW constant volume line 

‘ ’ ' , , , , ^.below 1, as, for the direct isentrope. 

rti -Li. ■*' j. 1 . 1 . '<^hariioai %tanf ' ’ ’ - ' ' , 

, ‘ . To pbtam, the total ■ . , 4 * , 

- ' ixisj and meas^e„,the iu'r*due of ^ ‘ ^ 

r 1’ ii' tho' mm •' 'ifetablishedtlrqin^M 0op|tahlvblt|n|e;cdi^^i 
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The complete diagram is sho’\Tn in Fig 410, and is applicable to all problems 

in connection with internal combustion engines w'hether reciprocating or rotary. 


■7 




mm 


r 
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tables foT the construction of these charts (see Bibliography), and has given 
examples on their use. 

The application of the chart to the Otto cycle is shown in Fig. 411, and from 
values obtained from the diagram the ideal thermal efficiency is given by 

Work done on expansion - Work done on compression _ ^ Heat rejected 
Heat from fuel “ Heat from fuel’ 



Fig. 411. Otto cycle. 

With a compression ratio of 5, and 20 % excess air, the ideal efficiency is found 
to foe 0*363 compared with 0*473 for the air standard efficiency, 

0ia3el cycle Memd to energy entropy diagram. 


y ; "The ‘Piesel (sycle Is shotj^n in Figi 412, which was constructed by first spHtting' 

into two' equmlent operatiottSj constant votome\ 
' ■;.* and 'foUois;ed by isothermal cpmpressioh 2^-2; so that the change in , : 
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To obtain through 2\ on the energy curve, draw a parallel to the total heat 
axis, and from this set off a horizontal distance equal to the heat released by the 
fuel per mol of products; so as to intersect the energy curve in 3'. A horizontal 
through 3' intersects the dotted constant pressure curve in 3, whilst a vertical 



through 3 intersects the constant volume curve in point 4, and thus completes 
the cycle. A horizontal through 4 establishes the corresponding point 4' on the 
energy curve, and enables the heat rejected to be obtained, 

The thermal efificiency is given by 

Heat rejected 
Heat from fuel* 

In the case of an engine supplied with 50 % excess air, and having a compression 
ratio of 13‘6 to 1, the thermal efficiency &om the energy chart is found to be 
42 % conapared with an air standard efficiency of 63 %. " 


Calculation of the heat input to the products of combustion. 


Before the energy entropy chart can be applied to obtain the ideal efficiency 
of an actual engine the heat input per mol of cylinder charge must be known. , ■ 

In the case of an unscavenged gas engine let d.v. be the higher calorific value, at / 

constant volume, per cu. ft. at and Pgg be the aspirated volume of gas per / 
strode also referred to / 


The heaji input per stroke = Vg^ x o.v, ' , ; ; 

, inpu^h pe mol + gas 4- r es^uak in lb. pet stroke ^ 

r where is molecular weight 'of, the products, , 


/ 








when referred to n,t.p. the charge volume becomes 


/ , \ Ps 273 


If is the equivalent molecular weight of the mixture, then the weight of the 
mixture per stroke 

= — — ^ X il/„. f4^ 


358 14-7 21 


Weight of residuals * ^ x ^ x 
By (4) and (5) total weight of mixture + residuals 


\ 358 /14’ 


y!!? 

14’7 21 ■ 


'■ 1 + 
m ^ ~ 




(f 

But =a M.s, the mixture strength, = clearance volume. 

/. (m.s. + 1)v 


21 273 
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r: 805 ^ 


By (12) in (1) 

, Heat input per mol = 


c.v. per cu. ft. 


/M.S. + 1\ 

\ 368 )~Ml 


pX 


.(13) 


For an average gas engine operating at full power on town gas o.T. 500b.t.u. 

per cu. ft. r = 850° K., == 373° K. ^ and witli M.s. = 4. 


M. 






1*06. 


Scavenged engine. 

With perfect scavenging t?, - 0 and (13) reduces to 


Heat input per mol = 


c.v. 

/m.s. + 1\ 


[ 358 j 



It should be observed that M.s. refers to the mixture inside the cylinder and not 
that obtained by metering the gas and air. 

The moat reliable method of estimating the M.s. is to take a sample of the post 
combustion gases before the exhaust valve opens, although even this sample is 
contaminated with residuals. 


Heat input per mol of products in a petrol engine. 

Imagine the petrol completely vaporised so that the charge behaves as a 
perfect gas. 

■ttt . 1 ^ ^ 1 1 Volume of vaporised fuel referred to n.t,p. „ 

Wejght of fuel per stroke ggg Ju^lb., 


where is the molecular weight of the fuel. 


^ . , , . . , . Volume of air aspirated referred to k.t.p. , - „ 

Weight of air per stroke — — -r -^olo*} 

where is the equivalent molecular weight of the air. 

, ' . , ^ Vol. of air at 5r.T.P. Jf- 

M.S. by W6^ht = 

M, " ' 



M.S. by Vol.;^; 




asgaseons 



Krf V 
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Heat mput per mol of combustion gases for unscavenged engine 

__ c.v. of fuel per ib. Mf 

Mf J. A ^rn r 1 , 1 


bvwf 

1+^ 

L P^T‘ 


To obtain the heat input per lb, of products divide this value by M^, 
With perfect scavenging the heat input per mol 

^ c.v. of fuel per lb. ilf^- 

(M.s.bywt.*+l)§5 


Charge weight and heat input per mol in an unscavenged oil engine. 

Heat input per mol of post-combustion gases 

Weight of fuel injected per stroke x c.v, ^ 

”* Weight of air ■+ residuals + fuel 

From equation (2) (p, 804) charge volume of air referred to n.t.p. 


!^..x — V l + i— Mil . 


14-7 2! 


Weight of air (ujJ per stroke = x 


Weight of residuals ~ 


’ 14-7 21x368 


Wr p,T,M„v,(r-l) 


J 




; Tgtal i?eight of prodncts Air 4 *Eesiduals> Fuel 








.A 


V/i, „> i, ) 

^ 1 1 , I V 1 * »1.I< 

f c/' 
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Let c.v. be the calorific value of the fuel measured at constant pressure, then 
heat input per mol of post-comhustion products 


c.v. X if. 


1 + M.S. 


1 +' 


Ha IvX 


- Hp \ pX 
With perfect scavenging equation (4) reduces to 

c.v. if „ 


-1 


•W 


1 + M.S.‘ 


Gas turbine cycle referred to energy entropy diagram. 

With turbines it is the pressure ratio in the compressor which is known, not 
the volume ratio, so use is made of equation 5, p. 800, for obtaining from the 
entropy diagram by taking ^ 2 “^i 2 iero during isentropic compression. 

Through point 2 a curve is drawn parallel to the constant pressure reference 
curve, and through 2" a line parallel to the total heat axis. From this line set off 
the heat added by the fuel to locate point 3' on the energy curve. Extend the 
horizontal through 3' to cut the curve in point 3 . 



.y 




Drop a vertical through 3 to 4 to represent isentropic expansion. An isothisr' 
through 4 then locates point 4' on the energy curve, and'enables the heat x.^ 
to be obtained from, this curve. . ‘ ‘ ; \ ' 

, ’ The 'th| 0 rhia)i, effidencj^ ia W the equation 

'V' >’ Eteat rejected, 

'' ' '/ '/,■ ^ 7* , ""Heat from fuel’ " 


* . 


M f 1 ' 
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It will ])e louTid tlicjl this value does not dittti mateiiallv from the value oh 
tdincd on Ihe assumption ol constant specific heat fmt the mciease of specific 
heat allows more fuel to be burnt foi the attainment of the same maximum 
tempeiatuie This in tuin lesults m moie pow ci being de\ eloped than is piedicted 
b\ expiessions ■which disiegaid xaiialion in specific heat 


Ex on Joule Cj cle. 

Fiom 500°R to 2(J00^R the spec ihc he it equations given m Table I, p 799, maybe 
lepuseiiftd appioxnnatciy by the liiieir relationships 

Os f.5+J^jjloiNs.7+JgioiHsOand8+|^forCOs 

CTsing these values obtain the ideal effu lenoy of a Joule cycle in which the piessure 
latio 18 5 to I, the tempeiatuie hmits 500 to 2000 ll 
The analysis ol the fuel oil ni.iy be taken as &f) % C, 14 % Hg and its calorific value 
lS,r>00nTi pci lb 

Compaie the effii loncy ami not w^oik done pei lb of dii with the air standard values 

By volume air < ontaiiib 70 % of and 21 % of O3, so fiom p 32 the volumetiic heat 
ol aji !■> givui by , T \ / T \ 

iC. = 07a(65+j333)+02l(<.5+^-J. 

■■ ^">'“(^•’■+■1247)’ 

eT 712 

J 'ioo 2494 

It is unnecessary to plot iht se cm ves since the iemporatui c at the end of compressioi 

may be estimated from the equation ^ 500(5)i i » 793®R, A better value may hi 
obtained by tnal and euoi from the equation for isentropio expansion, see p 800 

l-e83b(?.5 = 6 Slog, j^p(2’-600). 


The equation i& almost satisfied with T « 783 

( 783 \ 

6 ^ ■hgjgij ~ 3350 - 1986 b t n. per mol 

nTo obtain of the products we must know the air/fuel ratio, and this may be estimatei 

'Allows 

ixeieased by the combustion of a; lb. of fuel per mol of air 




[ 713 -13000 


9270 




aa O'-SOl* 
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Ymiahon m Hpcdfit Ileais 

■RquiVcilent mo]c(uhi of air — 28 t)7 

2S <)7 

* dii fuel latio = 2 = „ ^ ==■ 5S. 

0 501 

The products of combustion fiom 1 lb of fuel and 5S lb of an aie* 



lb 


Ib/M 


COg 

3 15 


0 0716 

1 j() 

H,0 

1 26 


0 0700 

3 42 

Oa 

8 92 


0 3100 

15 13 


44 bb 


1 5041: 

7S 00 



t 

2 0400 

100 03 


The specific heat of the post combustion pioducts is given by 


= 0 035 (s+g^ji 0 0342 (7+^] +0 ISlsjo 6+ 


looo; 




+0 78 6 5+ 


^ = 6 66843’+ 


^2 

2666' 


(■ 


T 


1333/ 


\ =6- 


6*5684+ 


T_ 

1333’ 


^„=[e56841og,2’+^J^ 


( 3 ) 

. W 


To check the accuracy of the estimated heat release \se have heat absoibed by 

-12000 

6*5084^r + 20^ J ~ ^320, which agrees well with the previous 

figure where air was assumed to be the working fluid. 

To estimate the temperature at the end of isentropio expansion the avoiage Kj, for 

9320 

the temperature range in the combustion chamber = o/ia a > 7 qo ~ ^ 

2U0U— loo 

7 666 , ,, 

6 681 “ ^ 

••• 2*4 = 1320” R. 

5l 35 


The exact value of is given by 

-19861og,6 = 6 56841og, 


T, 




"2000 ' 1333 


(T4-2OOO). 


0 4361-,-. 


T, 


1000 x 8 77 


He 




1000 ’ 


The equation is almost satisfied when Tg - 1328° R, which may be checked by th^ 
same method as it was estimated ^ ^ 

Total work done on expansion cycle per mol of aii supphed 


m 

58 


6- 


’66845r+: 


fp2 -12000 


2666 J 1328 

Total work done m compression per mol of air 
’ Network 


6360b t.x; 
1985/' 


= 3 


* 
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AJteinaiireh net AU)rk clone - Ht-'dt -inpphedbyfuel+lieat from atmosphere -Heat 
rejef ltd to atinospiiere Pei mol ol an supplied this becomes: 

6-5684+2;.g®J=3370B.T.X7. 

OO7I) 

Thciinal efiitieney = rr 0-355, 

xb320 

oS 

0 y~l I 

Thet.si --J-(p) = 1-Q*^=0-369. 

* 59 

Work done per mol of air supplied = 9320 x x 0 3C9 = 3500b t it. 

• 

This problem could have been solved more easily by tho method given on p. 798, since 
the equations aie moie ti actable. 

* EXAMPLES 

Explosion vessel. (B.So. 1941} 

(1) An expioHion vesbol is charged with a mixture of CO and air in tho chemically 
correet proportions for combustion, the presHiire and temperature being 60 lb. per sq. in. 
and 100^ C. 

Tlie mean molecular spccifio heat of CO^ and of diatomic gases between 100° C. 
and f C. are as follows: 


c. 

1500 

2000 

2600 

3000 

3500 

K, for COa 

10-08 

10-5 

30-83 

ll-O 

13-1 

f(^r diatomies 

5-5 

s-irj 

6-0 

6-3 

6-66 


The calorific va hie of CO is 68,300 o.h.xt. per lb. molecule. Estimate, from an internal 
energy temperature curve, tho maximum temperaturo which should be reached after 
combustion is completed, and deduce the corresponding maximum pressure. 

Why would you expect tho values of temperature and pressure actually recorded to 
be lower than your results? Am^ 3060° C.; 380 lb, per sq. m. 


ffx 03204-3350-^% 1328 
5b 5H 


Diesel Engine, (B.So. 1942) 

(2) In a Diesel engine combustion is assumed to begin at the inner dead centre, and 
to be at constant pressure. The air/fuel ratio is 28: 1, the calorific value of the fuel is 
\ 10,000 o.H.Tr. per Ib., and the specific heat of the products of combustion is given by 




O„ = 0'17+4-6xl0-'^T°iC. 


"V compression ratio is 14: 1, and the temperature at the end of compression 
"^nd at what percentage of the stroke combustion is completed. Am. 10-92, 


ptoblei 

ooEStaiit 


pmpleted. 



and ss» the adiabatic expansion of the gas 

a 
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Ideal efficiency of gas e^ngine. 

(4) A gas engine having a compies&ion ratio of 5 to 1 is supplied vith g<aa of calorific 

value 500 B t.u. per cu ft at ^ T r , the air/gas ratio being 8: 1 and the condition at 

the end of the suction stroke 100° C. and 1 4'7 lb. per sq in, 

The adiabatic inde^ of compression = 1*38. Contraction on combustion 3 true 

Zj, of the products of combustion 5*25+0 0012/° C. 

Obtain the maximum temperature and pressure, the woik done per eu. ft. of char^'C, 

the ideal efficiency, and the a s e 

Am, 2095° C ; 453 lb. per sq. in.; 16,870 It. lb., 0-30, 0 475. 
6 


Jet Engine. 

A jet engine is to produce a thiust of 760 lb. to maintain a speed of 500m p.h. at 
50,000 ft. altitude where the pressure is 1-677 lb. per sq. in. and the tempeiature 
216-5° K. 

After auto-compression in the intake the compressor quadruples the entry pressure 

T 

of the air, for which Zp may be taken as 6-015+;^ (where Tis in °K ); fuel of calorific 

780 

value 10,600 o h.u. per lb. produces a maximum temperature of 700° C. 

Neglecting all losses, and taking the axial velocity through tho compressor and 
turbme as 200 f.p.s. calculate: the pressure at entry to the compressor, the air/fuei 
ratio, the exit velocity, temperature and area of the jet, the mass flow of air per second, 
the power developed by the turbine, the power developed by the engine and the specific 
fuel consumption in lb. per hr. per lb. thrust. 

Ans. 2*39 lb. per sq. in.; 64:1; 2444f.p.R.; 354°C.; l-415aq.fi; 13*79 lb.; 983, 1000; 
1-032. 
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APPENDIX 


B.Sc. 1945. Volume of air receiver. 


A single-acting an compressor is connected to a leceiver which feeds a pipe- 
line The compressor, which runs at 300 r.p m , has a stroke volume of 2*5 ou ft 
and lakes in its ohaige at 1311) per sq m and 80*^ E., compiession following 
pv^ 2 _ constant 

Assuming that the piston has simple haimonio motion and that the tempera- 
ture m the lecciver remains constant at 70° b\, while the mass of air per sec 
passing from the lecciver to the pipe-lme is constant, find the necessary volume 
of receiver, if the pressuie is to be kept within the limits of 78 and 82 lb, per sq m 
Neglect the clcaiance volume of the compressor. 

Let V be the volume of the receiver and Wi bo the weight of air contained in it 
at the commencement of the delivery stroke and at the end, then 


78XU4.X irii?630, (1) 

82x 144x F = HgiJxSSO. (2) 

WJW, = 78/«2. (3) 


W,-W, *= excess of delivery into the receiver over the discharge from it. 

13 X 144x2*6 

Delivery into receiver per stroke « — 


ij A. r 1* r * ] 3 X 144 X 2*6 X 300 „ 

Kate of discharge from receiver = — sec. 
^ i^x 640x00 




To obtain the time of the delivery stroke let r be the crank radius, and w 
its angular velocity; then the fraction of the stroke occupied by delivery 

1 

1 -coswf 
~ "12 

_ Btt X 300 

“ eF' 

(i mce t w 0*0314 see. 

V 

to bo Dght accumulated in the receiver during delivery stroke 


% /13\i8 


10;r. 


10,000 bv 


\ 

\ 




JSx64C 

13x144x2-6 
5x840 


X 0-843, 


an 

proble^l\ fusion - 

oonstayit iJx 640x82x144x4 

ou. ft. 



(4) 

(S) 



Appendix 8lo 

Charging the starting air bottle of a Diesel Engine. 

The capacity of the starting air bottle of a Diesel engine was 22 cu ft. and to 
pcimit of internal inspection the air was blo\^n to waste Determine the number 
of air cylindeis, each containing 150 cu. ft of fiee air, if charged to 1500 lb per 
sq in gaugethatarereqmredtorechaigethebottle to lOOOlb per sq.m gauge 
Take the temperatuie in the bottle the same as in the air cylinders and atniosphciic 
piessure as 15 lb. per sq in. 

Let be the state of the air in the cyhnders, p^ v^T be the state in the bottle. 


piior to coupling the cyhnder, and ^3 be the common pressure aftei coupling. 


PiVi — WiBT, 

(1) 


P2V2 == w^ET. 

(2) 

After coupling 


(3) 

By (1) and (2) in (3) 

= PlO^ + . 

%+ii2 «)i+Wa 

W 


I 


When the second bottle is coupled up is replaced by Pi 


.. _ Pi^i . Pzh 

JfA “ ^ 


By (4) in (5) 


« Pi'^i , Pi^i'^2 , pA 

+ ^2 (% (^’i + ^ 2 )^ ’ 


In general after the application of n bottles 






Ratio 


. r f'®rin __ V 2 

^ \JV — 2/ th term ^ 4- % 


= Constant, 


so, with the exception of the last term, the series is in geometrical progression, 
and on summation gives 

« -Ml. K+v , „ (_mY 


Whence 


. 0i+®a/ - 

logj' PC . gs .tg'l 


log' ^ 



814 


A2:)2jendu 

To obtain I50x 16 = ISOGy^ 

Vi - I ^ and = 22. 



7? = IG *) 1 e J 7 bottles and at the noimal piict oi 4s Qd the total cost of 
uchaiging IS £3 16s ()d 

1 

B.Sc. 1945. Variable specific heats. 

Deiive the foimula ^ ^ constant for the adiabatic expansion of a gas, 

liCjp- a'k-ST and Oj, = 6 + ST wheie a , b and S aie constants and T is m “F abs 
Find the woik done if a quantity of gas -weighing 2 lb and otigmally occupying 
2 cu ft at 600 lb pei sq in expands adiabatically until its tempeiature is 
-lOO^? . given that a = 0 227 6 = 0 157 and /S' 0 000025. 

For an adiabatic opcialion 



0 = -''^"‘+(6l-OT)rf!r. 

• (1) 


p? ^ *= RT, 

■ (2) 

Differentiating (2) with lespcct to 


By (2) and (3) m (1) 

dj) j^dT 

.... (3) 

. (4) 

Multiply thiough by iZ =- (C^ - f', ) / - {a ^h)J giving 





Qr ^ 



m 

(i^+6*^+^(33rfe.+«>,rfp) s= 0. 









Appendix 

Making thib substitution and integrating 

alog^i), l-61og,p I ‘^pi\ 1-0' = 0. 

log<,/<=-^p!,-0. 

= Ae sr 
. . = Constant. 

RT 


bio 


To eliminate p wiite 


P 


I = Constant. 


(-J' 

* jb^a-b^ST _ Constant. 

Woik done on adiabatic expansion = - The change in internal energy. 

f960 

- -2j^ (b + ST)dT. 

Initial temperature T = ^ - = 1687. 

^ ZR 2(a-6)778 


Woik done = 2 ^ 01577 ' -I- 
= 236*7 B T u. 


0 000025^^ ']^'^’^^ 

2 Jaoo 


Mixing of gases. 

One cu ft of air at atmospheric pressure and 278® C is mixed with 4 cu ft 
of air at the same piessure but 27° C , the total volume remaming unalteied 
Neglecting losses show that the resultmg tempeiature is 58° C , and that the 
pressure increases by about 0 3 % 


^^ = 4 5 + 0 00iy°a ilf = 28 85. 

Since refers to 1 mol of an the actual volumes must be expiessed as ft action 
of a mol thus 

1 X 273 

Volume of high temperature air reduced to T p. = - 0*406 cu ft and 

for the low temperature = 3 64 cu ft. 

On rmyrn g the total heat of the air remains unchanged Initial total heat 

0 4.U6 3 64 

« (6 486+0 001!r)dT+^ (6486+0 001^)^!?. 

368 Jo 658 Jo 


Final total heat = 


0 496 + 3 64 f®’ 


368 


1.*' 


m+0-Q0lT)dT. 




B.Sc. 1943. Closed vessel experiment* 

A mixture of Hg and 0^ in tlie proportions by weight 1:24 was placed in a 
closed vessel fitted with an observation window. 

The mixture was ignited and afterwards allowed to cool very slowly, and it was 
observed that the first sign of condensation occurred first after the temperature 
passed below 141° C. 

Calculate the total pressure in the vessel at temperatures of 141, 100 and 
75° a 

Find what proportion of HgO is in liquid form at 76° C. 

M for Hg « 1300 ft. lb. per lb. per ° 0. 

For the proportions given the reaction equation will be 

+ ( 1 ) 

4 96 36 64 


Prom p. 26 ^ ^ , Partial pressure 

, • . , f , Total Insure = * 

' V ; . Palatial, pressure of steatn at 141° C. « 64 lb, per sq. in.^ and the percentage by 
f. ^ ' volume may be obtained from the boeScients on the r.h.s. of equation (1 ) as 00%.. 

the :gas laws ^ 

1 IT' ^ A i VV ^ ilkCt *11. '| J ^ ^ 

’'I '>5 t'r ^ '“f 

“f i' P’’' u ' M- 
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Volume displaced by 9 lb. of dry saturated steam at UV C. == 0 x 7*022 cu. ft., 
and this volume is shared by the oxygen, the partial pressure of which may be 
computed from pv — wRT, 

^ 2x1390 


16x2x 1390x414 


of P- «'!• - 


Partial pressure of steam 


54-0 

Total pressure = 1101 


Partial pressure of O2 at 100° G. = — ^ ^ = 50-5 

414 

Partial pressure of steam at 100° C, =14*7 

Total pressure = 65*2 lb. per sq. in. 


Partial pressure of Og at 75° — ^ = 47.1 

‘ 414 

Partial pressure of steam at 76° = 5*6 

Total pressure = 52*7 lb. per sq. in. 


Specific volume of steam at 76° is 66*12 cu. ft., and since this must be contained 
in the space originally occupied by steam of specific volume 7*922 cu. ft. per lb. 

7.000 

the dryness fraction at 76° C. = ~ 0*1198. 

66*12 

Hence the weight of liquid per lb. of mixture s= 0*8802. 

As a check regard the steam as a perfect gas. Initially p^Vi = WiMTi, After 
condensation 

Proportion of steam condensed = — — - 
* /!#% 


6*6x414 

64x348 


0 * 8765 . 


Ex. in partial pressures.* 

Show that the constant B per lb, of gas in the law pv « BP is inversely proportional 
to the molecular weight, and that in a mikture of two gases 

"■ ' ' ' ' ' ‘ 
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Appendix 


point of the oil is 270® C at noimaJ atmosphern pie'^sure and is loivered umformlv 
3 b'’ C tor each lb. per ni tall m pie'^suie shoTV that distillation occuib at 238® 
assuming the vapoiiTs belia\ e as perfect gases M foi oil = 212 and loi steam 18 * 

Total pi essui 

• Vi ^ ^ _ 

" f A+jPi w^R^T n\R^\w^R^" 

V V 


But 


JJ- 


2780 

M • 


p V)JMi 4 M's/i/j n\ j; j 4- ’ 


Pi _ 0 0x18 

r4'7“09xl8+01x2l2 


0^33, 


Pi ^6 366. 

Fall in pressure = 14 7 - 6 366 «= 8*334, 

Distillation tempeiatuie - (270— 8*334 x 3*8) = 238® 0. 


Partial pressures and diffusion.*^ 

A mixture of gases contains Miilb. of a gas havdiig constant lb of gas 
haTing a gas eonsi ant and ao on, Absuming 1 )«ilton’b Law, show that B for 
the mixture is 

Wi El “P i/’g Ejt 4” • »♦ 

v^i 4 *4’ . • • 

A rigid closed vessel of 1 eii ft capacity contains* separated fr<im each other by 
a thin partition, 0*21 cu. ft of oxygen, and 0*70 cu. ft. of jiitiogen, each gas 
being at 14*7 lb. per sq. in. and 15® (j. The partition is lemoved without escape 
of gab, and inter-diftubion of gases takes place. Show that if no heat is supplied 
to or withdrawn from the gases, when diffusion is complete the prcbsure and 
temperature of the gases will be the same as those of the gases before mixing 

Find the gain in y = 1'4, 

By Dalton’s Law p « JPi+pg (^) 

mBT 

Ijpgeporal (2) 

T tod V are common to all the gases in the mixture, hence by (2) in (1) 

f. wJS as: 


I, Peel Cambridge Cmversity Pros®. 



But 


A p'pemlix 
w ~ f 

iyi + WJ2 + ^’3 


81 ^) 


.... ( 1 ) 


Bcfoie mixing ;3i(0-21?;) = and p^(0-1Qv) = iv^R/r^. Adding these 

ralues together 

jitt; = + ... {o) 

By (4) foi the mixture 


pV {W^ + 10^) — -^ 2 ) ^ 


( 6 ) 


Partial pressure of O 2 after mixing = 0*21 
Partial pressure of Ng after mixing = 0-79pi 

Total pressure = (0-21 +0-79)^i = 2h 

and this is the same as the initial pressuie of the indmdual gases before 
mixing 

Substituting this value in (6), and comparing with (5) it vill be seen that 

21= T. 

Change in (f> = -^loge— + Cl log^ 21/21, where the subscript (1) refers to the 
J 

initial condition, and (2) to the condition after mixing. 


Change in ^ for Og = — ^logj,^^. 

V v’21 

Change in <j> for Na 


Wi 


273 0-21 
288^ 368 


x32. 


W 2 


273 0-79 
288^ 368 


x2S. 


i?x- 


2780 
32 ’ 


Rz ~ 


2780 
28 * 


, . i P985x273r^^, , 1 11 

Total change 353^288 ^ 

= 0-0027. 


Lond. B.Sc. 1942. , , 

The percentage analysis by volume of the gas supplied to a gas engine was: 
CH 4 19-6, CgHe 1 * 6 , CO 18*0, Hg 44-4, Og 0-4, Ng 13-1, COg 3 and the dry exhaust 
gas analysis was COg 9*4, Og 6-0, Ng 84’6. ^ 

Estimate the air/gas ratio by volume on the basis of (a) the Ng balance, and 
(b) the Og balance, and find the percentage of excess air supplied, 

5«’9 
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Combvstion of lOOcu^ff. 


Consti- 

tuent 

% t>y 
vol. 

Combustion eqt. 

Oa 

reqd. 

Vol. of prod. 

Ng 

HgO 

o 

“ 1 

CHi 

19-5 

CHi + 20 a = C 02 + 2 H 20 

39 

— 

19*5 


GA 

1-6 

2 C 3 H<. + DOa = eCOg + eHgO 

7*2 

— 

4*8 


CO 

18*0 

2 CO + 0 , = 2 COj 

9*0 

— 

18*0 


Ha 

44*4 

2 Hg + 02 = 2 H 20 

22*2 

— 

— 


0 , 

0-4 


— 

— 

— . 

, 


13*1 

— 

— 

— 

— 

13*1 

COa 

3*0 



” 

— 

— 

3*0 

— 


100-0 


77-4 
0-4 

O2 reqd. = 77-0 
79 


45-3 


Ng associated with air supply x 77 

si 1 

N 2 in gas 


= 290 

= 13-1 
Total Ng m exhaust = 303*1 

N 2 + CO 2 ill minimum product = 348*4 = v. 

348*4 x6'0 


mp* 


^mp ^ 




2 I-O 2 

Minimum air 


(21-~6*0) 

100 


77x 


21 


139-3 

366-6 


Total air supplied = 605-9 
Air/gas ratio = 5-059 to 1. 


On the N« basis* 


%Ng in exhaust gas 


Volume of No in exhaust 


Volume minimum product 
Volume of Ng * Ng in combustible gas f Ng in minimum air + Ng in excess air, 
nj-KT /Nfi in gas -f 0-79 X minimum air + Of 79 

%N^ =, ^ X 100 


%N* 


4* ^ 


m 


mmimum air -f 0-70 


100 


0-79 





' ■ ' . ’ V Na 

^ gas +0-79 minimupi air-r^^^p 

(Ng'5n4as+P’79.xrahib^^ air)xJ00-%Na«^^j^ 

v79>, . 




AVvi*?' ,:.u v v/ ) ':v' ; 

^,.v-.*’'aP. ti* o-'w ft.*#, '-V’t'u> ‘‘h-, \ i 

‘5 *• ' "'U "t r '■’ i '’ A " ' 


v,< 


“ I's , '’"'/i 

- 

, 1 ‘y ) (| *> 1 

I 't ' ' i ’* i ' » L ( 

. ii', 1 

“t ' 

;; i ’T 




Check. 
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Na in air supply = 0*79 x 505*9 = 399*4 
Ng in gas supply = 13*1 % 

Total Ng = 412*5 84*8 


Og in excess air 0*21 x 139*3 = 29*3 G*0 
COa in exhaust gas = 45*3 9*3 

487*1 looa 


Calculation on COg basis. 

% COg = 


COg in product 




Minimum product + Excess air 
COg in product x 100 


r-xlOO. 


%co 

45*3x100 


-minimum product 


9*4 


348*4= 134*2. 


Air to ggbs ratio = 5*0 to 1. 

The value computed on Ng wiU be the least reliable as denominator involves a 
fairly small difference. 


Ex. Show that for a fuel rich in carbon a linear relation exists between the COg content 
and the Og content of the flue gas. 

The maximum % COg = — see p. 510. 

^mj) 

Actual % COg = COg in gas 
"i* ^en 

Eor a fuel rich in carbon the COg maximum replaces the Og in the air, therefore^ 
is equal to the minimum air whence 


maximum % COg _ actual air 
actual % COg minimum air* 


"But •’/ 0 

XSUt ^Ug - , . » * 0/ Q * 

(2i 

X* maximum o/o'COg 

, actual’ % CO, 


.v’Aqt«al%P0,'=S^a^^^W/%O,). 


' f < l‘ , J / y ^ , 

This^relation is us^i the gas analysis fuel tioh jp carbon. 

,1 V , ' T i '*1. , / f T' •* '’ < i ' ' , , , 
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B.Sc. 1942. Calorific values of benzene. 


Ei.p]ain caiefullv why the caloiitic value of a fuel measured in a constant 
'Volume bomb calorimetei may differ fiom the caloiific value icalised on bummo 
the fuel at constant piossuie, the initial and final temperatures, being the same 
ill both cases 

'The combuslion of I lb -molecule of hijuid benzene at constant volume and 
IS lepiesented by the equation: 


) H7-50, b(K),-J-3fl^(){liq ) + 7S0,000 ch U. 


Tlie latent heats of I)on7eiio and steam at constant piessmo and 18°C. aie 
Si 38 and 1 0,500 c IIP, pei lb -mol respect nely. 

Determiiici the heat of combustion of benzene at 1S°C. under the following 
conditions: 


(i) Ct,HQ(vap )4-7‘50^ = t>CO^ + 3Hp(liq.) ] 

(ii) (^HJ^ap )-l-7*5()^ - ffC02 l-3li20(vap )f 

(iii) 0,H,(liq) + 7*602 -fiCO^ + SH^OCliq.) | 

(iv) Cy ijvap } 4- 7*502 = fiOO^ f 3tf20(vap.)/ 


at constant volume, 
at constant pressuie. 


8ec p. 539, 

Latent heat of steam pei lb. mol = 

T. X ..,0/1 14-7 ,<144 291 

Pxessure energy at 18 0, = ^ ^ '>73 ^ ~ 

Internal latent heat =* 

Latent heat of bonzeiio » 

PreHsure energy at 1 8° C. « 

Internal latent beat = 


10,600 

578 

9922 

8138 

578 

7600 




i- 


Calonfie value -=» 780,00 ) -f* 7560 787,560. 

Vase 2. 

Here the calorific value is reduced by tho presence of 3 mols of steam 
« 78,750 3 X 9922 « 757,794 o.h.et. 

Case 3, 

At eohstaat pressure tho change in volume «!6-7'5»“l'5. Hence from p, 639 
780,000* -L5xl'085(273+18) + O,V, at 0^, 

A o.v, at constant pressure * 780,867. 



Case 4. 
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Chango in volume = 9 - 8*5 = 0-5 

o.v. at cozistant piessure = r v, at constant volume - 1*985/^7^ 

= 757,794- 1-985X 0 5x291 
« 757,505. 


B.Sc. 1942. Charge temperature in aero -engine. 


An aero engine of compression ratio 7:1 operates at an induction pipe pressure 
of ]7'2 lb. per sq. in and at an exhaust back pressuic of 9-3 lb. per &(i in. The 
charge temperature, after picking up heat from the induction system but before 
mixing with the exhaust lesiduals, is 87° C., and the exhaust temperature is 
850° G. Assuming the inlet valve to remain open during the mixing of fresh 
charge and residuals, and scavenge to be negligible, show that the mixture 
temperature at the beginning of compression is about 111° C , and estimate the 
ratio of the mass of residuals to fresh charge. Take the ratio of the specific heat 
(kp) of residuals to that of fresh charge as 1*2, and assume B to be the same for 
both gases. 


From p. 598 


9*3 


17*2 (S50+273) 


T V 


2080* 


Charge volume = 7 


i\T^ 


2080* 


•( 1 ) 


(2) 


To obtain Tg equate the heat lost by the residuals to the heat gained by the charge 

... . (3) , 

But 

By (1), (2) and (4) in (3) 

+ (3) 

^ = I'2. (6) 

^Pe 

By (6) in (6) (1123-1;) =^(7-^)(2:-360). 


This equation is satisfied by = (111 + 273). Taking the density of the 
residuals the same as of the fresh charge the mass ratio is given by ** ’ 

9*3t?c X 383 
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B.Sc, 1942. Supercharging a petrol engine. 

In wliat circumstances is it justifiable to assume the indicated horsepower of 
a petrol engine to be proportional to its air consumption? 

An unsuperoiiarged engine develops a gross i.m.e.p. of 145 lb. per sq. in. when 
running on a mixture strength 20 % richer than chemically correct, the pumping 
I.M.E.P. being 5 lb. per sq. in. The charge pressure and temperature at the 
beginning of compression are estimated to be 13*7 lb, per sq. in. and lOO'^C 
respectively, and the mean pressure during the induction stroke is 13 lb. per sq. in. 

When supercharged by a blower of adiabatic efficiency 70 %, the charge after 
delivery by the blower has its temperature raised 50° C. during its entry to the 
cylindei’s, and suffers a pressure drop of 1 lb. per sq. in,, the charge pressure in 
the cylinders being maintained at 20*7 lb. per sq, in, during the induction stroke. 

Estimate the percentage increase in the net i.m.e.p. due to supercharging. 
Neglect the effect of residuals, assume atmospheric conditions of 14*7 lb. per sq. 
in. and 15° C., and take y = 1*40. 

When the mixture is rich, since then all the air should be burnt. 


Charge weight unsupercharged = . 

Charge weight supercharged = , 

The ratio of the charge weights will be the ratio of the gross i.m.e.p ’ s. 

_ 20*7 X 373 
13 * 75 ^'’* 

To obtain TJ, the temperature on delivery from the supercharger must be 
estimated from o i 


Va = 0*7 


\i4*7/ 


.% T. * 336*5 and Ti ** 336*5 -f 60 * 386*5, 


X- ^ 20*7 373 

Batio of = ttt;; X 

13*7 386*5 


1*468. 


' V ! Gross supercharged S8 1*458x146 « 211*4, and from this must be, 

’ ' spbtoetedthe pumping which is 6 lb. per sq. in. for the unsupercharged 

^, 1 ' 14*7}' for the supercharged. Nothing is said about the method 6f 

: ^;iMvhi^;the',shpereharger;’so th^;dahnqt'be,,al^^^ ’ ^ 

.vs ,v‘ ' ' i.Mi.B.P* superehafged 211*446 - 


1 '■> I I > 
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To show that supercharging improves the mechanical efficiency of the engine 


For normally aspirated engines 
For supercharged engines = ■ 

F.H.P. __ 1-^ 
B,H P. ” 7 } 


(B.H.P.)„ 

(B.HP.)„ + (F.H.P.)/ 

(S-H.F.), 

(B.ILP.), + (P.H.P.)/ 


The friction of film lubricated bearings is independent of the load on them, 
hence e.h.p. will be the same for both engines whence 


1 

\ Vn /(B-H.P.), 

With = 0*76 and {B.H.p.)g = 1-5(b.h.p.),^, = 0-818. 

Actually this would not be realised owing to the heavier piston friction in a 
supercharged engine. 


Charts of refrigerants. 


The Institution of Mechanical Engineers now publishes charts in which the 
various properties of refrigerants are plotted to pressure and total heat co- 
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Total licat at a 

= 143 7 

Total heat at e 

= ()9 8 

Heat extra ( ted pci lb of CO^ 

= 43 9 

On ciilaiion of fluid 

710 

■= 1 ^,,^ = 16 3 lb per min. 

Heat aikled to refngeiant pci lb. as 


the icsuit of woik d«me on it 

1913 
“ lol ~ 


I! a = U3 7 
II, 13.7 ()3 
II^= 99 8 

Hoat rejected per Hi of OOj = 55-83 

10 3 

Heat rejected poi see ~ 55-83 x = 15-17 ch.tj. 

Triple expansion marine engine. 

Patterns are ailabio for a raarme engine having cylindeis 23-38*65 x 42 in 
siiokc. 

It is estimated that J 600 t.H v. will have to be developed by this engine when 
levolving at 62 r {j m , and when supplied with steam at 220 lb per Rq in gauge 

Overall diagram factor with zeio back pressure on l?. 0-552, reduction in 
this factor due to bleeding (i %, 

Deteunine the back pie&sui e m each cylinder and the power developed by each 


Overall ratio of expansion, 

EquationKS ( 1) and (2) (p. 258) are sufficient to determine the overali expansion 
ra,Uo J2 thus. ^2x2x62 

/. « 36*7 lb. per .sq, in. 


36-7 = 0-552 X 0-9t X 233 P ^ 

& = n-45. 


H,F, cut off. 


Yolume of i. 


Gut-off volume 


fLP, 

ie of hT?. "" \23/ 


« 13*45. 


Expansion ratio of ilp. « =* 1437, 


Cut off *» ^ 0*7, 
1*437 



type 
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Back pressure and power developed by the H.P. 

A fliagiam tacloi of 0 78S is geneial loi the ii p cylinder of an engine of this 

TT X 23“ X 1-2 A 2 X 62 

4x 12x33,000 
(mtjp )j.j> = 0-l83([.irp )np 

0-183(1 HP.)iip = 1^235 X 0-7 |l + log, 

P2=2231~0-2322(nir)Hp. (1) 

A further equation connecting the power developed by the ir.p and the hack 
pressure obtained from a consideration of the power developed by the 

combined i p. and L p. cylinders, thus 


is given by 


M E.P. of I p. and L.P. referred to the l p. 

i/jAA / \ / .7rx65“x42x2x62 

1600-(ihp )„ = (M.r.P.) 1^,33, 00- . 

1600 - (i.h.p.)hp - 43 - 58 (m e p.). 


.( 2 ) 


M.E p. = Diagram factor ( I -{- log^ ^ 2 ) PftJ ^ (3) 

The diagram factor may be taken as 0-67 whenp^, is legarded as zero, and with 

/65\“ 1 

the I P. cut-off 0-52. ^ = ( — 1 — = 5*62. 

By (1) m (3) 

MB.P. = 0-57 {223-1 - 0-2322(i.h.p.)ht} j . 

Substituting this value in equation (2). 

1600-(i.H.P.)flP = 43-68 xO-57{223’1-0‘2322(i.hp.)hp}0 0486. 

/. (i.h.p.)hp = 603. 

Substituting this value in equation (1) gives 

P 2 = 83-1 ib. per sq. in. abs. 

Back pressure and power developed by I.P* 

, , , . jrx38“x 42x2x62 

(l.H.P.)ip - (M-B-P-lip X 4x12x33,000 ‘ , 




( 4 ) 



f 
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Taking the I P cut off as 0 52 diagiam fai toi 0 C4 and back piessuie 


(\i L r )n = 0 hi 


sjlx 


052/1 


hlog, 


] 

0 52 


-P6 


( 5 ) 


By (i) 111 (5), 0 1047(1 H p )n = 75 . (gj 

A fill ilia equation connecting the powei developed by the i ? , and the back 
pif'ssuie Pj may be obtained fiom a consideiation of the pover developed by 
the L p , thus 

LP hoise povei == 1000 -b0^-(i ir p )„ =007~(rap)jp 


907 -(t IIP )ii 


- (’\f 1 P )n 


TT X 65“ X 42 X 2 X 02 
tx 12x32,000 ^ 


907-(ihp)j, = 43 5S(m EP )ip. . (7) 


Foi simplicity legaidp^, as /cio then the appiopiiate diagiam factoi foi the 
E P ~ 0 oil- with cut off 0 55 


0 54p, 




By (G) in (S) (m n p ), 1 ^ 0 54L71 5-0 1047(i h p hj | (9) 

By (0) in (7), 

907- (nr P ),p - 13 5SxO 54f71 5-0 1047(x h P )n] 

(x HP), I =468 


Substituting this value in (0) gives 22 511) poi sq in ab-s. 

Powei developed by l p = 907 -460 = 529, 

To secure a better balanee of power the i p cut-off should be made eaiher 

This, liowevei, cicateis difiiculties if the conventional Stephenson Valve Gear 
IS to be used, A better solution is to 1 educe the size of the H p cyhnder and to 
increase the H p, out off, which would thus ensuie a higher pies&uie m the i p 
recoivei. 

Re-working the problem with an it p boi e of 2 i } in and cut-off 0 8, the poweis 
become HP 632, ip 495, up 673 

The excess power of the L p, is dcsnable, since this cylmdei usually diives 
the pumps, 


K^eated reciprocating marine engine. 

^ A triple expansion marine engme having cylinder sikcs 23 6, 38, 65 x 45 m 
,, etroke was fitted with a reheater on the f.p, exhaust as shown m Fig 416. 
The following r^ults were obtained during a trial: 
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8team pressure in ilp. chest, 222 lb. per sq. in., temperature, G20“F 
Steam pressure in m.p chest, 72 lb. per sq. in., temperature, 560° F. 
Steam pressure in l.p. chest, 21 lb. per sq. in., temperature, 338° F. 
Steam pressure in l.p. exhaust, 2 lb. per sq. in. 


Horse power developed by each cylinder, h.p. 550, i p. 600, l.p. 650. 

Steam consumption for main engines and bleeding 18,000 ib. per hr., pressure 
drop through reheater 5 lb. per sq. in., bleed 1400 lb. per hr., dryness fraction of 
L.P, exhaust 0-07, 

Show tlie steam cycle on a chart, and obtain the efficiency ratio of each 
cylinder. 

Heat equivalent of work done in the h.p. cylinder per lb. of steam flowing 


550x 33,000x 60 
”778 xl8,000”' 


77-8B.T.IT. 


Adiabatic beat drop for h.p. = 106 b.t.h. 


77'8 

Efficiency ratio = - 0’734. 

106 




r 


cd ^ 77*8 B.'T.tr., and the vertical projection of de represents the radiation loss. 

Heat given up by the h.p. steam in the reheater between points a and 6 = 60 b.t.it. 
and, neglecting radiation, this is available for reheating the h.p. exhaust. 

18,000 X 60 = 16,600 x Heat gained per ib, 

/. Heat gained per lb. of steam =•- 65 b.t.it. 

This heat is set up vertically from point e to locate point/ on the appropriate 
pressure line. 

Heat equivalent of work done in the i.P, cylinder per Ib. of steam flowing 

000x33,000x60 

778x16,600 

, Adiabatic heat drop for i.p. = 120 b.t.it. 

' ' ^ ' ' 92*2 

Efficiency ratio « — - « 0-768. 

> fy is set offi to, represent 92*2, and point h located from the test data. 

' ' i|eat equivalent of ^ork done in l.p. cylinder per lb. of steam flowing 


if 




» x^x02*2 =* 99^8/ 

OuU. . I 

for 163 


/ VA * I 1 *’ 1 o' '* ' ' '' t ‘ ' 


- ^ 
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Regenerative feed heating employed on a triple expansion marine engine. 


In 1910 D. B. Morison suggested the use of the exhaust steam from the 
auxiliary engines, and the leak-off from the evaporator for increasing the tem- 
perature of the feed with a corresponding increase in the thermal efficiency of the 
plant. 

A later development was to tap steam off from h.p. exhaust to effect a further 
increase in feed temperature. 

To cope with occasions when there is an excess or deficiency of auxiliary 
exhaust steant, over the requirements of the feed heater, the auxiliary exhaust 
is run to the l.p. cylinder steam chest as shown in Fig. 417. 

The alternative arrangements of heater are: 


(1) A direct contact heater arranged in series with a surface feed heater which 
receives steam from the h.p. exhaust. 


■wH 


Martin and Andrew or 
Andrew AND Cameron 
Valve 


Piston Valve- 


/Boiler 


whi t| 


V 1 


rh 

[ ‘ -P' 

1 






1 

I.RReceiver Bleed , 

,Tn 

- 



1 ( 1 ) 0l L I NTERCEPTOR 


Two WAY 7^ 

Cock " 


Surface Peed Heaters-^ 

I : 

Feed Pump- 


4^ 


J| Drain h ; Air Pump, 


^777777777777777 


1 


HotWeuIZOT.- 
ScummingComo'^/ 


xr 


-D.P. Slide Valve 


LP. I 


w^\Hi 
Condenser 


7777 < ^7 77^ ^ 7- 777 ' 7 7 


1 7^777 ‘ 777 7 


Terry Towelling Filter — ^ '^Coke Filter 

Fig. 417. Regenerative feed heating on triple expansion engine. Most usual 
arrangement with surface heaters. 


To enable the hot feed to be pumped from the direct contact heater to the 
surface heater it is necessary to place the direct contact heater at a cofisidi3rable 
, elevation above the feed pump; ; , , . 

, X2) Two smfaee heaters arranged in series as shown in Bg. 417. 

' To avoid toowing' thermal potential to waste the drain from the secondary 
; heated;! sHbffid be cascaded tp the jpjdmary jieatej: 2, but an alternative route, 
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direct to the hot ell, should be piovided t(j deal with the contingency of defectire 
heatei tii])ei5 

In the Cease of regenerative heating emjiloyed on a steam turbine, see p, 477 
it is possible to adjust the position of the tapping points to secure the maximuni 
thermal elhciency, but vith a leciprooating steam engine these points are 
located on the steam chests This lestiiction limits the improvement in thermal 
efficiency and also causes dissimilaiity in the size of the heatei s. 

For the aiiangement shown in Fig. 417 the equations corresponding to those 


given on p. 4b0 are, 

( 1 ) 

u\hi + wjt2 + ■= ( 2 ) 

= (a) 

- w(h^-li). ( 4 ) 


In equation (4) wh as well as is unknown, so eliminate it by equations (1) and 
(2) giving 

(5) 


Ideal thermal efficiency of two stage plant. 

Work done per unit time 

« w{n -Bi)^{w-Wi) {17 1 - H 2 ) + (w-Wi- Wz) (i?2 - fTg). 

The heat terms within the brackets are the actual heat drops per cylinder. 
Alternatively the work done may be regarded as : Heat supplied to engine— Heat 
to feed heaters — Heat to condenser. 


Thermal efficiency s= -^--2 w{U '"%) 


In the case of a single heater on the exhaust 




‘t 

uoE («?-%) F3 




♦ (7) 

( 8 ) 


To show that the thermal efficiency of a regeneraHre engine is always greater 
than that of an engine operating on the straight Eankine cycle, regardless of the 
p08itio%<^ ^ppffig pcant, take n? as 1 lb,, and from equation (7), express \ 
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yulDstituting this value in equation (S) 




11 \ ~ W’j)/; j ' 


Or 


Efficiency of stiaiglit Rankme 




lJ~h 


We must show that this difierence is greater than zero. 
Let 

= a, (ViiH^-h^) == b, 


m 


then 


x~a X ^ , 

Vi-Vfp=7-~-7. tobe> 0 , 


y-6 ?/ 


• toboO. 


i/(y~6) 
■ay + bx 


to be > 0. 


?/(l/-^) 

To satisfy this condition bx-ay must be > 0, and y-b positive and finite 

/, bx>ay and y>b. 


Or w^iH^ - h) {H - Hs) > ^ 2(^2 ” ^ 3 ) - h)‘ 

f 

This condition is satisfied for values of < H, and y is always greater than b, 
so that bleeding always improves the thermal efficiency of an engine, especially 
when the tapping point is towards the end of the expansion. 


Ex, Regenerative triple. 

A triple expansion marine engine was supplied with steam at 200 lb. per sq. in, abs. 
and 0*97 dry, back pressure onH.P. piston 78, on i.p. 20 and on L P 3*5 lb. pensq ip abs. 
The efficiency ratios of the cylinders were found to be: H P, 0*8, 1 .p. 0*76, l.p. 0*56. Steam 
for feed heating was bled from the i p. and l.p steam chests, and the heater drains could 
be led directly to the hot well. Estimate the correct amount of steam to be bled at each 
tapping point per lb. of steam supplied to the engine, the percentage reduction in the 
power developed, and the percentage in(a:ease in thermal efficiency. Tor what reasons 
is the actual efficiency likely to be higher than the estimated? 


■> 
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Appendix 835 

On tho afisumption that bleeding does not affect the pressures or efficiency ratios. 



Ijr A.H.n. 

Steam flow 

Net work 

n.p, cylinder 

59 1 

1-0 

59-1 

I.P. 

71-4 

09 

64-2 

L.P. „ 

68-2 

0-8304 

48-3 


Total work = 171'6 b T.ir./lb. 


Percentage reduction in power = 


171-6x100 

’'^=U76=:280 = ^’'‘®- 


■D ^ • 19-18-17-8 

Percentage increase = — = 7-76. 


Suitably placed tapping points can act as steam dryers so that cylinder condensation 
may be reduced, smaller steam flow will involve smaller friction losses and the drains 
^ could be cascaded. 


Ex. on Combination system. (Bauer- Waoh type). 

A triple expansion marine engine is supplied with steam at 200 lb. per sq, in. aba. 
and 0-97 dry, back pressure on e.p. piston 78, on i,p. 20 and on L.P. 3*6 lb. per 
sq. in. abs. 

The efficiency ratios of the cylinders were found to be h.p. 0-8; r.p, 0*76, n.p. 0-56, 
when calculated on the i.h.p. basis. 

Determine the specific steam consumption and the overall efficiency ratio of the 
engine. 

By the addition of an exhaust turbine which had an efficiency ratio of 0-62 the back 
pressures were found to be H.P. 78 ; i,P. 24; l.p. 7*5 and the turbine 0-65 lb. per sq. in. abs. , 
and the efficiency ratios h.p. 0*8, i.p. 0*77 and l.p. 0*65. 

Estimate the percentage saving in steam consumption of the combination based on 
the steam consumption of the unmodified engine, 

Eig. 420 shows the problem referred to an E<ji from which the foUowing results were 
obtained: 



Vr ^ 



HtP* 

cylinder 0-80 

74 ' 

59-1 

hp. 


94 

71-4 * 


0-66- 

104 

58*2 ; ^ 


V i' , 

Total woi:k ; 

» 188*7 B.T,ir./lb, ' 

! 1 

{ ' ' Straight Bankjne « 

=.^68, ; 


“■l 

I 

„ Overall ^biency ratio 5 

« 0*704; 


‘<‘1 
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Foi the foinbindtioii set. 



Vr 

\ fl D. 

Vt ^UD. 

IT r. 

0 S 

7i 

59 1 

1 p 

0 77 

hi “) 

()2 7 

L P 

0 ()5 

lb 0 

49 4 

luibinp 

0 t)2 

133 0 

82 5 


Totil woik = 253 7 u r u /lb 



Fig, no. Comhmaiion rtutted, tuplo full iinug. 


Specific steam consumption of the wninodilicd engine 

33,000/00^ 2546 
^778xl8b*7"^l8H-7 

Specific steam consnnipfiou of the combination - =* 10 03 

Percentage saving « I ^ — j J(K) -.s 25". 


i3*5 ih. per h. 3?. per hr. 
2540 


Ex. on Compressor. (Ctitavcrken typo). 


A triple expansion engine was supplied with steam at 1 80 lb, per sq, in. abs ; 0'96 dry; 
back pressure on H.r. piston 74; on i.p. 23*5; and on x. r. 2*4 lb. per sq. m. abs, 

Tlje dficicncy ratios of the cylinders were found to be: n.r, 0*81 ; i.r. 0‘79, l.p. 0*54, 
^ when calculated on the TJi,r, basis. 

^ Betennitte the specific steam consumption of the mip^ne and the overall efficiency 


ratio. 



en|;ine took steam at the same initial condition and was fitted ^th a 
whioh took the l,b. exhaust, whilst the compressor took the H,r. 







Appendix HI) 7 

Adiyei iciiioved 90 yoOfthemoMuiefromtheMleamljpfoieit entcjecUhecompu-'SbOi 
^hicii had an adiabatic eificieney ot 50 % 

By making use oi the pievious data, together ■with the tabulated values, doieimme 
the specific steam consumption of the combination, and the pei centage sa\iiig of at earn 
based on the unmodified engine. 


Cy Imdor 

Presisui cs lb. 

Foi ward 

3trs(j. in abs 

back 

niifioiLt\ 

1 itio rjf 

— 

— 


— 

H r. 

ISO 

64 

usi 

I p. 

— 

24 

0 82 

L P. 

24 

43 

0 74 

Taibme 

43 

0.67 

0 7.5 


The following lesults were obtained from the chait for the leciprocator alone 


Cylinder 

Vt 

\ H D. 

A H.D. 7, 

n.p. 

0 81 

69 

55 9 

I.P. 

0 79 

81 

63 9 

L.P. 

0 54 

133 

71 8 



Total work 

= 1916 b, 

Specific steam consumption = 

2546 
191-6 “ 

13-2 lb 



When the compressor is in use the a h d. of the h p. cylinder is 91 B t r , and the 
leheated dryness fraction at the end of expansion 0 907. 

Let w lb. of water be sepaiated from each pound of h.p. exhaust steam, then as the 
separator can remove 90 % of the water m the steam 


w 

l-OQO? 


= 09. 


= 0 0837 lb. 


Dryness fraction of steam entering the compiessor = 


_0 907 
i-0-0B37 


0-99. 


This condition can be applied to the chart on the 54 lb. per sq. in line. 

Before the condition of the steam at the compressor discharge can he obtained the 
energy input to the compressor must be known. 

To obtain this the condition of the steam, at entry to the tuibine, and the v eight of 
steam passing through the turbine per lb. of steam received by the E p, cylinder must 
be known. 

These values cannot be obtained directly, but as a tentative value we may cOnsider 
that the dryer on the turbme produces a dryness fraction of 0-99, and because of the 
superheat in the i.p. cylinder possibly about 0*0fi lb. of water will be removed by the ^ 
di^r compared with 0-0837 lb. from the compressor dryer. 

Per lb. of steam supplied to the h,p. cylinder (1—0-0837) (1—0*06) = 0-8?d lb. will 
flow through the turbine in which the a.h,d. - 1 22 b.t.tj. 


7 


■9 



m 


ulppfhdir 

Woilv diMit 111 (.onipios-'iou [in lb of sitain ^iipplifd to the HP cylinder 

^ ]2i > <» Sbl / 75 = 7S b B T u 

But oiilv 0 <)H)3 lb oi stotiiii aie compicsstd, hciuo the eqm\dient woik done on 1 lb. 

ol stuiin Sb J{.i n 

0 llKid 

This heat is sc t u p vc i tic a llj li om point 3 on the chai t to locate the constant total 

he it hue A4- 



Fig. 420. Unmodified iriplo and alfo eoinproqsion cycle on E^. 


The final pressure after coinpiession is doternuned by the adiabatic efficiency of the 
compiessor thus. The adiabatic work == 0*56 x 8fi ^48'1, and this energy is set off 
vertically from point 3 to give a eomprewiion pressure of 94 lb, jier sq, in, abs. The 
intorscetion of this constant pressiue line with the total heat line A 4 gives the super- 
heated condition of the steam onteraig the i.T. cylinder. 

From point 4 the expansion may be eoniinued for the i.p. and l p, cylinders. 

It should be observed that the i.p. expansion lino is mainly in the superheated field, 
and this is largely responsible for the improvement in the effieieney ratio. 

Because of tins somo engine builders rosoit to reheating tho steam by boiler steam 
rather than fitting a compressor. 

To obtain a more exact solution let w be tho weight of water separated from each 
pound of UT* exhaust steam of dryness 0*944 then . 




* 


w 

•0"844 


0*9. 



w ** 0’0504, 


0-944 






H?A) ^ 


A p pen (Ur 

Usini* rlivnO'.', iho pioWora could be rewoikcd fioin point 3 
Suniniai^ of icsults loi coiubinatiou 


C\ hndor 

V, 

A H D. 

Wcifdit IF 
of stL.llll 

r/, ' vTj.n.wv. 

H P. 

Ob] 

1)1 

1 0 

73 7 

I P. 

0 82 

112 

(10103 

84 3 

LP 

07t 

117 

0 0163 

7<) 1 


Total vwik pci lb ol steam supplied ~ 337*1; b.t.u. 


Specific steam consumption = - - = 10 721b, H P per hi‘. 

237*4 

^ . . /237 4-]01*6\,-. 

Percentage saving = ( — — 1 100 19*3 %. 

It should be observed that the i.p powei is increased, but the force or the t.p. must not 
exceed that on the h p , as Classification Sociolies base the diameter of the crankshaft 
on the force on the h,p. 


Irreversible expansion of a saturated vapour. 

Show that the continuous irreversible expansion of a saturated vapour in a 
turbine having a constant stage efficiency is given by 


+ 1 = Constant. 


and the reheat factor by 


in-n) 

V 

"XiLi Tl'''^" 

^ Tl 

1 

1 i 

(Sl-T,)! 

h VJ 



Let the temperature fall by dT and the increase in ^ due to unconverted heat 
be dd). 

Work done = 7idT(if>-i>A* 


Reheat ?= (1 ~ dT{<j> - - Td<^, 

The negative sign is affixed since dT is negative in itself. 


(2) 


By (2) 

Or 


dT T 


d<j> 

It 


I {Iz3) 


, /I \ 


*» 


9 



8 to Apppudu' 

(Iff 

Tlij^ dilteieiitial equation i-s of the fuiin = Q the solution of winch 




The vvoik clone for an elementaiy diop df in tempeiature T 

\ Tl 9 



App(ndi\ 841 

When ?/ = 1 Uus o\picssiou should gue tlio adiabatic ivoik To dcteimmo the 

V (T ~T\y) 

value of the indo tennmate o\pjessioii& {Tf - Tj) ^ ^ ^ ' 

when Tf — \ let 1 - // = a, 

then L . 

~ (mi a_rp1-a\^l /m m 

= T^-T,(P|‘-(J\-T,)(\-a) 



* 

a 

To diiFerentiate {TJT^Y with respect to a, let 
(li/r/ = whence ^(1)” = (yj"log| 

Writing a = 0 this reduces to --TAog^TJT^ + Tj^-T^ and W becomes 

This IS the A IT B , hence the leheat factor 




Ex. Blade stress. 

Obtain an e\pression for the maximum stress m turbine blading due to centiifugal 
action, and show is hat eflFect this has m limiting the power output tliat can be obtained 
from a turbine rumung at a given speed 

Let the cross-sectional area of the blade be «, and the stress at radius r be/, then foi 
equihbnum of an elementaiy block of density p 

{f+df)a+f!^~=fa. 

df = — ^ idr, 

9 




vhen r j*g, / =s 0 A 


f as ^ == — (mean radius) length of blade. 


1 
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^ Po\'ver doTelopod by d tai'bine iisin^ steam of density Pg 

_ ij(,y.AVp^x \ n.iKxJ 
550 ' * 

Annular area for How A = 27r mean radius x blade length 

p(>)^ ‘ 

Hubstitnting this value in the expression for power it vill be seen that the power de- 
veloped IS pi'oportional to the allowable stress in the blade. 


B.Sc. 1943, Durham. 

One expansion of a reaction turbine running at 3000 r.p m. has a rotor 25 in. 
fliameter. The steam consumption is 56,000 lb. per hr., and the velocity ratio is 
to be 0*71. If the average specific volume of the steam is to be 20*3 cu. ft., and 
tlie cumulative heat is 3 1 per lb., calculate the blade height and the number 

of stages required using normal blades with a discharge angle of 20°. 

For a given drum diameter the blade height is controlled by the mass flow 
A Vp which is constant. 

AVOiS. A ^ ~ Ih /I \ 

12 12 20-3 60“ “ 

Q 

Axial velocity sin 20° ~ — - sin 20°. (2) 


By (2) and (3) in (1), 


*“”"‘12 ^"OO ■ 


rff(j[)+/i)y ft 

L 12 J 1^ 


3000 sin 20" 66,000 


L 12 J 12 60x0-71 -20-3 60’ 

' j[) = 26in, {26+l»)» = 2300. 

Whence blade height h « 2* 95 in. 




Ap-pendix S43 

This computation does not allow for fricti<3n which may be considered as 
destroying the carry-over, hence heat drop per pair 


VI _ 305*82 

0*712x778x3^ 


10*59. 


Number of pairs — 


31 

10*59 


3. 


Calculation of capacity and pressure change in a steam storage accu- 
mulator. 

Let the total weight of water in the accumulator, at any instant, be Tf lb., 
h be the sensible heat, and L the latent heat at that instant. Then, if the accumu- 
lator is regenerating, the heat required to evaporate dlf lb. of water will be LdW, 
and the fall in temperature will be dT; so that 

LdW = -^sWdT 


where 8 is the specific heat of the water. Separating the variables 


Tf " i • 


L in terms of iT is given very nearly by the equation 

L = 610-22 -0'712(3’- 273) c.H.tr. 
dL = -0-imT. 


By (2) in (1), 



^ 1 

[^dL 

Jin'W"' 

0-712 J 

'uL- 


tog.(|j 

S 

^“0 712 


ILM-ni • 

II 

W 

« 


( 1 ) 


■( 2 ) 


.(3) 


BVfan this equation, if Hi, TfJ and are known, i, can be esiamated ^n the 
assumption that 5 = 1. Having obtained the approximate value of a may be' 
oalpulated from the steafn tables for this range, and i, recalculated. Know^ 

’ . .fceipi^-’pre^ut6PjniajB6obtainedbyrefe^ce''tO'Steam‘ta;bl^.' ' 

‘I * * ' . f , , 'j ' ' - 1 ' ‘ ' ri ' ' * ' , ^ <a ® 

A steam aoaumhkrtor 'epntains hot water at 8Q lb, per sq. in. Estimate the final 

press®, wjien 4^0 '' "v 'i ' \ . 
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By equation (3) 


/902\(J712 

^2 — 927 2h — Pt'i* sq. in. 

% at 80 lb. per aq. in. = 282-i = 311*9 

at 48 lb. per sq. in. = 217*0 278*4 

34*5 Is^ 

A more exact value of Lg is therefore given by 

Lo “ — Hi ~ 028. /. 2^2 = 46 lb. per sq in. 


_ _9(^ „ 

'2- 0T12 

0*96 103 


Ex. 2. Determine the storage capacity of an accumulator if, on maximum demand, it 
is to yield 5000 lb. of steam for a pressure drop from 100 to 60 lb. per sq. m. abs. 

h at 100 lb. per sq. in. == 208*6 = 327*9" F. 

h at 60 lb. per sq. in. ~ 262*2 - 292*6 

"364 3^3 

364 - ..... 

35*3 

vmi 

fa 1__ 

\\\ \918/ ■“ 1*042* 

r,-if, = 5ooo=.r.(i-^y. 

H\ = 125,000 lb. 

Charging process. 

In the charging process the charging steam may be in any condition having 
total heat H, Neglecting radiation and any variation in temperature throughout. ' 
' the water, sensible heat gained by the water must equal the heat lost by the 
. heating steam . , 

Wdh=^dw{n-h). 


^r.dW 

w:w 




W 


; Stwigecapaci^of boil«s, ' - , ' 

‘ ' ' ThsiMffigal i4te of evaporation of boiler plant'waa 70,000 lb. per hr., but ocoasioroliy ' 
depknd f<^«t^m roae.tolOO.W'lb. per hr. for a period of IS min. If tbe eqnivaleBji ■, •• 
':^y8^,'8«>»^‘of ttip' i»jlers‘w!^ 37.0,,OBO lb.' p.t.'a'pt®mre -of 200 lb), per 'Sq. .in. aBs;; . 




Appendix 845 

During the period of maxirautn demand the wjiter content of the boilers is reduced by 

(100,000 - 70,000) 'I = 76(X» lb. 

■ Fa = 370,000 -7300 = 362,600. 

362,500 _ /my^2 
F, “370,000“ \ia/ ■ 

^ 857 B.TH u. = 171 lb. per sq. in. 
s from 200 lb. per sq. in. to 170 = 1 06. 

t 1 (16 

IF, _ /844yi7i2 

Using four figure logs is almost the same as the approximate value, and, therefore, 

the pressure drop will be about 30 lb. per sq. in. 

With the pressure drop limited to 5 lb per sq. in. 

h at 200 lb. per sq in. = 366-4 = 381-8 

h at 195 lb. per sq. in. = 353-1 t, = 379-7 

~¥i 

.•..4f= 1-094. 

1094 

Fg /844-2 \o'712 1 

Fj “ \^/ ■“ 1-004* 

F.-Fa = 7600=F,[l-j4]. 

1,884,000 lb. 

Water m boilers = 370,000 

Additional storage capacity = 1,514,000 lb. 


Equation (3), 843 is not particularly favourable to accurate computation; so it is 

as well to have an independent checli, thus: 




' 'Ll "h L 


.2- g 

Fa == Fi-7500. 
A Fi[?ii^Ag]-l-7500;i2 


-“x750a. 




7500 


Fi 


Z/i-f Z<g 


T ^ 


■] 


' ’■ 870,000 

ikdditional atoiage capiw^ « l,gSB,000 lb. 


1 
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" Ex. A variable presHure accumulator contains 30,0001b. of water at 250° P., and into 
tins water js discharged the surplus steam from a boiler which operates at 1501b. per 
sq in. Neglecting radiation, ealcnJate the weight of steam which can be accommodated 
in the accumulator, if the pressure is raised to 150 lb pei' sq. in. What weight of steam 
will be removed if the presBiirc is allowed to fall to 30 lb. per sq. in. ? 

Compare the work available from the stored steam, if it passes to a turbine, the 
admission pressure to viiich is maintained constant at 30 lb. per sq. in., with the power 
available had the steam been used at 150 lb. per sq. in. instead of being stored. 


During charging 


1^2 


in -30,000 


!i{)5-2~330'0 


Weight stored = 38601b. 


Average specific heat from 150 to 30 lb. per sq. in. - 1*029. 


Final weight after regeneration = 33,860 


1 020 
/864*6\on'2 

\945*8/ 


29,730. 


Steam regeneratfd = 4130 lb. 

' Hegeneration take.s place at variable pressure, but the reducing valve, which throttles 
supply to the l.p. turbine, by reason of the throttling operation, maintains the adiabatic 
heat iop sensibly constant at 182 B.T.ir. 

The adiabatic heat drop from 150 lb, per sq. in. to 2 lb. per sq. in, is 284 b.t.u. 

Work available from stored steam = 4130 x 182 

= 752,000 B.T.U, ' 


Work available by direct expansion = 3860 x 284 

- 1,096,000 B.T.U, 

The example shows that it is possible to recover buly about 70 % of the heat drop 
by regeneration, but without regeneration some of the steam woulcfhave been lost at 
the' safety valve, and the boiler would have wwked at a lower eliiciency on the reduced 
load. ' ^ 


EHLOGUB 


,1 


. , high we eBi^b in the pursuit of knowledge we shall still see heights. 
' jibe moreiw^ quryiew, the jmore conscious we shall be of the , 
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Absolute pressure, 10 

— tomperaiure, 10 
Absorption refrigerator, 282 
Accumulator, 726 
Adiabatic efficiency, 116 

— equatiorj., 168 

— expansion, 51 

— heat drop, 335 

— md^x, 36, 52 

for air steam mixture, 223 

— temperature efficiency of air compressor, 

116 

Adsorption refrigerator, 284 
After burning, 614 

— cooler, 94 

Air, composition of, 608 

— compressors, 86 

— conditioning, 210 

— consumption, measurement of, 667, 

682 

— coolmg of a petrol engine, 637 

— ejectors, 600 

— meter, 657 

— motor, 123 

— preheater, 708 

— pump, 390 

— standard cycle jot propulsion imit, 

756 

efficiency, 75 

— supplied per lb. of fuel, 514 
Aircraft carburettors, 660 
Airless mjeotion, 666 
Akroyd’s atomiser, 665 

— oil engine, 664 
Alcohol, 618, 626 
Ammonia, 288 

— absorption refrigerator, 309 

Andrew and Cameron^s balanced slide 
valve, 233 

Angle of advance, 230 
Animals, 2 
Arctic regions, 2 
Argon, 4 
Aromatics, 626 
Atoms, 4, 

Available' calorific value, 535 
‘Avogadro, 12 

Babcock and Wilcox boiler, 701 
.Back-presauretnrbin^, 475 ^ 

l^Uey 708 ’ . ’ : 

( ‘ jBase 400 ' * 

- j^aner'rl^ach epmbih^ionj 502, 835 ’ 
Bavef^y coto^bW4 3^ 6* 

^■&^Kooh^s,;.74 , / 

pi f f Is ^ ^ ^ .r s'" 


rC r ^ «■ ’ 


Bell-Coleraan cold air machine, 290 

Benson boiler, 710 

Benzol, 626, 627 

Bernoullis’ equation, 319 

Bi-fuel engine, 587 

Binary vapour tmbino, 489 

Bitumen, 572 

Blades, 455, 463 

Blast injection, 670 

Bleeder turbine, 472 

Bleeding, 478 

Boiler trials, 554 

Boilers, 698 

Boiling, 127 

Bomb calorimeter, 540 

Bosch fuel piunp, 073 

— magneto, 580 

Brake specific fuel consumption, 656 

— thermal efficiency, 657 
Brayton’s engine, 663 

Brier’s automatic regulator, 305 
Bucket calorimeter, 133 
Biichi supercharger, 673 
Burner efficiency, 766 

Calibration of a gas meter, 549 
Calorific intensity, 636 

— value, 532, 539, 546 
of air, 633 

•— — of benzene, 822 

— — - of Hg and GO, 524 
Calorimeters, bombs, 540 

— gas, 547 

— separating, 133 

— tlirottling, 134 
Carbon, 4 

— dioxide, 288 

— gland, 470 

— value of a fuel, 536 
Carburettors, 643 
Carnot cycle for a gas, 66 

for a vapour, 174 

Carry over, 413, 430 
Cascade heating, 478 
Centigrade scale of temperature, 8 
Central flow condenser, 497 

— - — turbine, 430 

Cetane number, 677 
Characteristic constant, 10 *' 

— curves, 377 > 

— diagram, 660 < 

— r'equation for gs^es, 10 
for vapoms, 142 

Ohargo iemperature, 823 ^ 

ebart for reMg^ants, 826 ;h 
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Chemical conipoimd, 504 

— contraction, 35 

— ec{uations, 506 

— reactions, 505 
Clapeyron’s equation, 138 
Clearance in compressors, 10 1 

— ratio, 103 

Clement and Desormes, 55 
Closed cycle gas turbine, 789 

— vessel experiment, 816 
CO^ recorders, 527 
Coal, 3 

t'oeliran boiler, 700 
Coefficient of contraction, 322 
— • of discharge, 32,3 

— of perfonnaneo of a condenser, 303 
of a refrigerator, 280 

C\ild air refrigerator, 282, 290 
Oonibination of indicator diagrams, 270 
,, Combustion, 504, 532 

— chtimbers for Diesel engines, 677 
Common rail system of fuel injection, 

076 

Comparison between petrol and o.i* engines, 
681 

— between two-stroke and four -stroke 
cycles, 578, 671 

Compositum of air, 508 
Compound air compressor, 94 
■— gas turbine, 784 

— refrigerator, 306 

— steam engine, 256 
Compresaod air, 86 
Corajiressibility factor, 324 
Compression ignition engine, 665 

— ratio, 48, 680 

Compressor rotary, 754, 759, 769 et seq, 

— valves, 111) 

Condensers, 385, 496 

Conditions for reversibility in heat engines, 

85 

Conduetioti of heat, 363 
Coning and quartering, 556 
, Conservation of energy, 19 
' Constant dryness linos, 156 
pcossuro expansion, 47' 

, ^ — steam aocitmnlator, 726 ■ 

'^,.^'tofeal heat line^sj 155 , 

i. ; 636 



Cover of turbine blades, 466, 

Creep of metals, 492 
Critical pressure ratio, 327 

— temperature and pressure, 146 
Cross -flow heater, 369 
Crossley gas engine, 584 
Cumulative heat drop, 432 
Cushioning, 230 

Cyclone separator, 724 
Cylinder dimensions of a eompoiind steam 
engine, 258, 260 

— temperature, 5^8 

Daimler, 663 
Dalton’s law, 25 
Degreie Kelvin, 10 

— Itankino, 10 

— of undercooling, 351 

— of superheat, 129 

— of supersaturation, 351^ 
Dehumiddication, 213 

De Laval nozzle, 337 

— turbine, 412 

Delay period, 620, 622, 676 
Density, 12 
Depreciation, 730 
Design of steam turbine, 453 
jietonation, 624 
Dew point, 207 
Diagram elficienoy, 419 
• — factor, 245 
Diaphragms, 415, 472 
Diatomic substances, 4, 18 
Diosei, Dr, 69 

— cycle. T^, 76, 199 

referred to diagram, 802 

— • engine, 666 

fuel oil analysis, 683 
™- knock, 677 
Diffusion, 23 

Dimensions of specific heat, 22 
of tomperature, 772 
Dimensionless ratios, 377 
Direct gasification of coal, 574 
<-<— injection of petrol, 651 
, X>isc firiefeion, 430 
Displacement of air compressor, 102 
Dissociation, 23 
Dope, ,626 

Dottble-aetmg Diesel ongiiies, 671 

— iiow turbine j 430 , 

Doxford engine* 668 , 

Dtrop or .double dieatvaflves, 236 
Dry products Cjf csoiribustion, 510, 530 
Dfyn’^'’'fr^feion pjt s'^am, 130 , ‘ \ ' 

™-4'' afteifi cut "Oifif, ‘2jS0 ^ ^ ' 
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Economic genorAtion of steam, 732 

— thickness of lagging, 734 

— velocity m steam pipe, 732 
Economics of econoraisoc, 738 

— of power transmission by belts, 741 
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